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PREFACE TO SECOND EDmON 

The firnt (Mlition of Prof. (}ray’B hileetrical Ma(ihiiie DoHigri 
Ix^ans tli(i <la,t(^ of 11 ) 12 . In the fourhani years that have elapscal 
siiute tlia.t date, inueh dev(^lopinent has (xanirred in |)raeti(ailly 
a, 11 e.hiss(\s of (‘ka^trical inachiiuvry. In <lin^et”Curn»nt niacluiKay, 
tlu^ (H>nunutatin^ pohi has iHHtoine almost universal; it wa,8 only 
just lK*g;inning to Ix^ us(mI wIhvii tlray wrot(^ his first edition. In 
alha-nating-cairnmt machiruay, p;ood inluaxuit regulation was 
pa,rajnount in 11)12; today it is eonsidenvd a minor fc^ature and of 
litth^ irtiportanee. The(‘fha^tof th(\s(^(^hang(‘s lia,s Ixxm to irua-easc^ 
veiy !nat(‘rially tlu^ output tha,t (\an 1 h^ secainal from a given 
amount of matcaaal botli in dir(a;t-(airr(int a,nd in alt(‘rnating- 
curnmt nuK^luru^s. 

In t.his nwision, tin*, exa.mph^ ma.ehines have Ixam modificxl so 
tha.t tlay r('pr(‘S(‘nt pr(‘s<‘r't-day dcssigns. Also tlu^ various 
<nu*v(‘S, t.aI)l(‘S, |)hot.ogra,|)hs, (aits, aaid othca* data have Ixam 
modifi(‘<l so as to n‘[)r(‘S(aii pr(‘S(ait-day pra,(d.i(xx 

Alt.hough t.h{a’(‘ has Ixxai eonsid(a'a.l)l(‘ charigi^ in th(^ rc\sulting 
ma<'hin(‘s, no changi' has talom pla.<*(‘ or ea,n t.a,k(‘ pla.e(‘ in funda,- 
nuaital principh's. In his pn'siad.ation of i.h(‘S(‘ funda,m(‘nt.aJ 
prineipl(‘S and in his nat hods of analysis (Ira.y was un(‘X(‘(‘ll(al. 
No aM('mpi has Ixam ma.d(‘ in t-his n^vision to mak(‘ any modifiea,- 
t.ion in I h(‘ m(‘thods of analysis t-hat w<a’(^ so ahly put forwaa’d hy 
(Iray in his first (xlition. 

'rh(‘ r(‘vis(a* wisla^s to a.eknowh‘dg(^ his ind(‘l)t(Min(‘ss hoi.h t.o 
th(‘ ( hana’al Mka-tiac ( 'omj)a.ny of S(‘li<aHM‘ta.(ly and t.o th(‘ W(‘sting- 
hous<‘ I'ih'ctric and Manufacturing ( omj)a,ny of Mast Pit-tshurgli 
for giving fn'oly all data, nxiiH'staxl on pn‘S(‘nt-da,y ma.<tiin(‘ 
designs. 

'rh(‘ r(‘vis(‘r also wishcNS to a.<^knowhxlg(‘ his indc'bhxhaass t.o 
Mr. .1. (}, Tarboux of (doriK'll Univ(u*sity for a,ssist.a.nc(* in nxa-ding 
proof. 

P. M. Tinooln. 

( 'OUNKLL I I NIVKUSITY, 

Itiiaoa, N. V. 

Augunl, lV)‘i(K 




PREFAOK TO FIRST EDITION 

The following work was coiupih^d as a course of lectures on 
k]lc:ctri(^al MiKvliine, I)(‘sign (kdiverecl at Mc(lill University. Siiuie 
tlu^ (i(‘sign of (‘hu^ti'ic^al nuic.hinery is as nuicli an art as a scicnc(‘ 
no list of forinuljc or (^olkHdJon of data is sulficicuit to enal)k^ oin^ 
t,o b(‘conH^ a sti(au‘ssful (k^signer. Unuo is a c(U‘tain amount of 
(ladii, howcnau’, sift-tal from tlu*! mass of mat.erial oii tluj subj(H'-t. 
which ('V(‘ry (k^sigma* finds convenient to compile for rea<ly 
r(‘f(‘r(m(u\ This work conta.ins data that tlu^ autlior fouml 
n(‘(H‘ssary to ta,buhit(^ during sevcaiil y(^a.rs of exi)(‘riene.(^ as a, 
(l(\sign(‘r of (Tada-ica.I a.|)i)a,ra,tus. 

A study of d(‘sign is of th(‘ utmost im})ortane(^ to all stmkmts, 
b(‘caus(‘ oidy l)y smdi a stmly e,an a kiiowkalgc' of <,h(‘ limitations 
of ma.chin<\s b(‘ a,(a|uin‘d. TIh". ma.(diin(‘s <liscuss(al are tlios<‘ 
which ha,V(‘ b(‘come mor(^ or k‘ss staaida-rd, minu^Iy, dinad-cur- 
nmf. g(m<‘rators and motors, a,lt(‘rnat.ing-ciirr(‘nf, g(vn(‘ra,tors, syn¬ 
chronous motors, |)olyi)ha,s(‘ indmd-ion motors, and transforimu’s; 
oth(‘r ap})aratus s(‘ldom ofhu’s an (‘k'ctricaJ probkan Unit is not 
(liscuss(Ml und(‘r on(‘ or mor(‘ of Uk* abov(‘ lu'adings. 

'rh(‘ ])rincipl(‘ followtsl througliout th(‘ work is t,o b\iild uj) Uh‘ 
design for lh(‘ gi\'(‘n rating by Ui(‘ us(‘ of a. f(‘w fundaimmt.al 
formuhe and d(‘sign constaids, Ui(‘ m(‘a.ning ainl limits of which 
ai'(‘ discuss(Ml thoroughly, and tJi(‘ sanH^ pnxaalure has Ixam 
follow(Ml for t h(‘ S(‘V(‘ral pi(‘C(‘s of a,ppa,radus. 

'rh(‘ author wish(‘S t,o a.cknowkalgf' his ind(‘l>t-(‘(ln(\ss to Mr. 
lb A. ik‘hi'(‘nd, uiaka* whom h(‘ k‘arn(‘d th(‘ first- principk\s of 
(‘l(‘ct rical <h‘sign and wlios(‘ intlu(‘nc(‘ will b(‘ s(‘(‘n t hroughout t-l)(‘ 
work; to th(‘ (mginiM'rs of tin' Allis-( dialnua's-Hulkx’.k (k)mpa,ny 
of Montr(‘al, ('anada., and part.icula.rly t.o Mr. Hra,dk‘y Mo 
( drmick, Mr. P. ('ok‘ and Mr. li. k\ Idka’s; to Mr. A. M(v 
Na,ught.on of Mcdill Univ(‘rsity for crit-iinsm of t,h(‘ arrangeimmt- 
of tli(‘ work and to Mr. A. M. S. Hoyd for assist an ce in the proof- 
r(‘ading. 

M<'< Jmn \ kNivKUsiTV, 

Svpirmber 2, 11)12. 
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ELECTRICAL MACHINE DESIGN 


CHAPTER I 

MAGNETIC INDUCTION 

1. Lines of Force.-r-A magnetic jS.eld is represented by lines 
of force. These are continuous lines whose direction at any 
point is that of the force acting on a north polo placed at the 
point, therefore, as shown in Fig.l, lines of force always leave 
a north pole and enter a south pole. 



2. Direction of an Electric Current .—P and Q, Fig. 2, are two 
coiHluctors carrying current. The current is going down in 
c,endue tor P and coining up in conductor Q. If the direction of 

(g) o 

p Q 

Down Up 

2. Diroction of an electric current. 

the ciirnvnt l)e r(^pr(\s<Mito(l by an arrow, then in conductor P 
the l.ail of tli(^ narrow will bo seen and tliis is represented by a 
cross; in conductor Q tlie point of the arrow will be seen and this 
is reprc'sentcul by a point or dot. 

1 
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3. Magnetic Field Surrounding a Conductor Which is Carrying 
Current.—In conductor P, Fig. 3, an electric current is passing 
downward. It has been found by experiment that in such a 
case the conductor is surrounded by a whirl of magnetic linos iu 
the direction shown. This direction can be found- by the foil owing 
rule: “If a corkscrew be screwed into the conductor iu the 
direction of the current then the head of the corkscrew will travel 
in the direction of the lines of force.” 

4. Magneto Induction.—^Faraday’s experiments showed that 
when the magnetic flux threading a coil changes, jvn o.m.f. is 
generated in the coil, and that this e.m.f. is proportional to the 
rate of change of flux in the coil. 



Fig. 3.—Magnetic field surrounding a condiK'tor. 

The unit of e.m.f. is so chosen that one unit of o.m.f. is g('nor- 
ated in a coil of one turn when tho rate of ohango of (lu.’c in tlio 
coil is one line per second. This is called the e.g.s. unit; tins 
practical unit, called the volt, is 10* e.g.s. units. 

6. Direction of the Generated E.M.F .—N and S, Fig. 4, are 
the north and south poles of a magnet, ^ is tho total numlufr 
of linos of force passing from the north to tho south pole, /I is a 
coil of one turn. 

When the coil A is moved from position 1, where the numluir 
of lines threading the coil is to position 2, where tho number 
of lines threading the coil is zero, in a time of t seconds, then tho 

average e.m.f. generated in the coil = 7 l 0 ~* volts; or at any 

t 

instant the e.m.f. = 10“* volts. 
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J J 

The quantity is the rate at which conductor xy. Fig. 4, is 

cutting lines of force, so that the voltage generated by a conductor 
which is cutting lines of force is equal to 

(the lines cut per second) X10"®. 

The direction of this e.m.f. is found by Fleming's which 
states that ** If the thumb, forefinger and middle finger of the 
right hand are all set perpendicular to one another so as to 
represent three coordinates in space, the thumb pointed in the 
direction of motion of the conductor relative to the magnetic 



and tlie fondingiM* in tlu^ direction of the lines of force, then 
tlu^ middles lijiger will point in the dirc^ction iu which the generated 
e.m.f. UouIh to s(^nd the current of electricity.'' 

Th(^ direction of the e.m.f. in Fig. d is found l)y Fleming's three- 
fing<u* nihi, and tJie curnmt due to this <Mn.f. is in such a direction 
as to tend to nmintain tlie flux thnauling the coil, or, as stated 
hy the v(jry g(m(M-al law known as Lenz^s Law^ “the generated 
(^.Mi.f. always temls to s(md a current in such a direction as to 
oppose the change of flux which produces it." The complete 
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statement of the e.rni. eqiiation is, therefore, that the o.ra.f, in 
volts at any instant = — volts. 

6. Magnetomotive Force.—In Fig. 5 the current 7 passes 
through the T turns of the coil C wliich is wound on an iron core, 
and a magnetic dux ^ is set up in the magnetic circuit. This 
flux is found to depend on the number of ampero-turns 27, and, 
corresponding to Ohm’s law for the electric circuit, there is a law 
for the magnetic circuit—^namely, m.ni.f. — whore 

m.m.f. is the magnetomotive force and depends on 77, 

<l> is the flux threading the magnetic circuit, 

R is the reluctance of the magnetic circuit. 

The most convenient unit of m.m.f. would have been the 
ampere-turn, but in order to conform to the definition of j)ot<!ntial 
as used in hydraulic and electric circuits, another unit has to bo 
adopted. 

The difference of potential in centimeters }>ctween two ijoints in 
a hydraulic circuit is the work done in ergs in moving unit mass 
of water from one point to the other, and tlui difference of mag¬ 
netic potential (m.m.f.) between two points in a magiudic (dreuit 
is the work done m ergs in moving a unit polo from ono j^oint 
to the other. 

Let a unit pole, which has An lines of force, l)e moved through 
the electro-magnet from ri. to 5 in a time of L .sc'conds, th(*u an 
47r * 

e.m.f. E = -Tx-j e.g.s. units will be generated betweem a and 

h. In order to maintain the current 1 constant against this 
e.m.f. an amount of work =E1 ergs per second must bo done; 
so that the m.m.f. between A and B 

=EIt ergs, 

AnT .. 

=-j- It ergs, 

=AtcTI ergs when 7 is in e.g.s. units, 

’=Yq 7*7 ergs when 7 is in amperes, 

therefore the unit of m.m.f. is not the ampere-turn, but is equal 
^ Atz ‘ 

to jQ ampere-turns. 

It must be understood that this m.m.f. is what might be 
called the generated m.m.f., thus in the electro-magnet shown 



MAGNETIC INDUCTION 


5 


in Fig. 6 the generated in.m.f. is equal to jq TI, but the effective 

m.m.f. between A and B is equal to this generated m.m.f. 
minus the m.m.f. necessary to send the magnetic flux round the 
iron part of the magnetic circuit. Take for example the extreme 
case shown in Fig. 6, where the core is bent round to form a 
complete annular ring. The generated m.m.f. between the 
47r 

points A and but A is the same point as B so that 

there can be no difference of magnetic potential between them, 
therefore all the generated m.m.f. is used up in sending the 



flux (/) i.hroiigli tlie ring iis<df. By means of such a ring the 
magu(‘ti(; niatc'rials us<ul in (‘h^c.tric.al machinery are tested; the* 
cn)SH-s(M;t.ioii S of the ring and also the mean length Z arc known, 
and for a given g(m(!rat<Hl m.m.f. the flux </> can be measured. 
Tlum siiHuj 


m.m.f.: 
'I.T 


<l>n 

Id 


Ui(U’<dor(i ' TI '., -=Bldj from which k can bo found. 
1 i) >1 


li is th(j Ilux (huisity or number of lines per square centimeter, 
k is the specific/ reluctance and =1 for air, 

Z is in centimet(*rs. 

For an air path, lij the flux density in lines per square centi¬ 


meter — 


4k TI 
10 Z ' 


where Z is in centimeters. 


When inch units are 
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used, so that I is in inches, and the flux density is in lines per 
square inch, then 

77 

B, the flux density in lines per square inch = 3.2 ^ • (1) 

For materials like iron, /c, the specific reluctance, is much less 
than 1, and the value of k varies with the flux density, h'or 
practical work the value of k is never j)lotted; it is more con¬ 
venient to use curves of the type shown in Fig. 47, pagf‘ 49, 
which curves are determined by testing rings of the particailar 

77 

material and plotting B in lines per square inch against ^ » 
where I is in inches. 



CHAPTEE II 


DIRECT-CDERENT ARMATURE WINDINGS 

7. Definition of Aimatore Winding.—In Fig. 7 the armature 
A of a generator is revolving in the magnetic field NS in the 
direction of the arrow. The directions of the e.m.fs. which are 
generated in the conductors of the armature are found by the 
three-finger lule and shown in the usual way by crosses and dots. 
The principal purpose of the armature winding is to connect the 
armature conductors together in such a way that a desired 
resultant o.m.f. can be maintained between two points which are 
connected to an external circuit. The conductors and their 
interconnections taken together form the winding. 




Fki. 7.—I)ir(i(!(.i<in of current in l'’io. 8.—Two-polo simplex 

u 1).-C. genemtor. Gruinme winding. 

8. Gramme Ring Winding.—This type of winding, which is 
shown (liagrainmatically in Fig. 8, was one of the iirst to he used. 
Although tlu! winding is now practically obsolete it is uu'iitioned 
Inmause of its siinpliiuty, and because it shows more clearly 
than does any oLluir typo of winding the meaning of the different 
t(!rms us<id in the system of nomenclature.^ 

The two-pole winding shown in Fig. 8 is the simplest type of 
(Jramme winding; it has only two paths between the -f and the 
- brush and is called the simplex wimlimj to distinguish it from 

' 'I'ho Hysioia of uomenolaturo adopted in this oliapter is that of Parshall 
ami Hobart 
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the other two fundamental Gramme windings, shown in Figs. 9 
and 10. Inspection of these latter figures shows that in each 
of these cases there are four paths between the + and the — 
brush, or twice as many as in the case of the simplex winding; 
for this reason they are called duplex windings. Thcro is, 
however, an essential difference between the two duplex windings 
and to Hia t. ing iiiHh between them it is necessary to define the 
term re-entrancy. 

9. Re-entrancy.—^If the winding shown in Fig. 8 bo followed 
round the machine starting at any point b, it will bo found that 
the winding returns to the starting-point, or is re-entrant, and 
that before it becomes re-entrant every conductor has been taken 
in once and only once; such a winding is called a singly re-entrant 
winding. 



N 


Fig. 9.—Doubly re-entrant 
duplex winding. 


Fio. 10.—Singly ro-fnitrant 
dupln.^c winding. 



If the winding shown in Fig. 9 be followed round the miudiinc 
starting at any point h, it will be found to ])e rc-ontranl wIkui 
only half of the conductors have been taken; in fact the winding 
is simply two singly re-entrant windings put on the same core, 
and is called a doubly re-entrant duplex wmding. 

If, on the other hand, the winding shown in Fig. 10 be followcul 
round the machine starting at any point b, it will be found that 
it does not become re-entrant until every conductor lias Ixum 
taken in once and only once; it is therefore a singly re-entrant 
duplex winding. 

It is evidently possible to carry this process of increasing the 
number of paths through the winding much further so as to get 
multiplex multiply re-entrant, multiplex singly re-entrant, and 
many other combinations; but such windings are rarely to be 
found in modern machines, in fact even duplex windings are 
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seldom used except for large-current low-voltage machines. 
In such machines the largo current entering the brush is divided 
up and passes through the several paths, so that during commu¬ 
tation the current which is being commutated is only a part of 
what it would have been had a simplex winding been used. For 
the case of a singly re-ontrant duplex winding this is shown at 
the positive brush, Fig. 10, where it will be seen that only the 
current in coil 5, or half of the total current, is being commutated 
at that instant. 

In the case of a duplex winding the brush must be wide enough 
to cover two s<!gmcnts in order to collect current from all four 
paths. 

10. Objections to the Gramme Winding.—In the case of small 
machines it is difficult to find space below the core for the return 
part of the winding without making the diameter of the machine 
unneeossarily large; while in the ease of largo machines, where 
the winding is made of heavy strip copper, it is difficult to 
remove and replace damaged coils. 

The number of coils is twice that reipiired for a machine of the 
.same voltage and with the other type of winding, namely the 
drum winding. 



Fio. 11.—Coil for drum winding. 


In many cases the active part of a coil is only a small portion 
of the total coil since the side and return connections do not cut 
lines of force. 

Since the whole winding lies close to the iron of the core the 
coefficient of self-induction of the coils is large and the machine 
on that account is liable to spark. 

11. Drum Winding.—This winding was developed to over¬ 
come the objections to the Gramme winding. In the simplest 
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case two conductors an? joiiM'd togctlicr to form a coll *»f the 
shape shown in Fig. 11. 'I'iuH <!«iil is placed on tint iiiuchini' in 
such a way that when one side a of tin* coil is Hml«*r a north |«*1«*, 
the other side b is uiuh'r tho adjiment south pole, tiierefore both 
sides of tho coil aro active and the e.in.fs. generated in the two 
sides act in tho samo dimition round the coil. Since each c«»il 
consists of at least two conduclc*rH, the total iiumls'r of con¬ 
ductors for a drum winding nmst be even. 

Fig. 12 shows a two-i)ole simplex singly n'-eiitrant drum 
wiiuling with Ki conductors. It might s»'eni that eonductora 



Fh». 12,—^Two-polo Himpl«x mn^Iy n»H'ntnuit ilnirn 

which lire cxnctly ojijxwlto to another hhouhl Im* cinincclcil 
in Hcrics to form a coil, ho that ooiulimtor 1 nlionhl 1 m‘ coimcctcii 
to oondudtor 9 and then back to condncl<»r ‘J, Init a fi*w I rials 
will hIiow that in ord(‘r to g<'t a nin^ly re-entrant winding it in 
iKT.CHHary to make tho ev(m conductorH the returns f<ir the odd. 
Starting tlu'ii at cornluctor 1 tho wiinlinf^ f^nes to the nearest even 
conductor to that which is exactly opposite, namely con<lurtor 
8, tlnui n'turnin^i; back to the south pohs the next odd comluctor 
iti number 8, which af^sin is (M)un<»cted to conductor 10, and S4» <m; 
HO that th(! (U)mpjct(^ winding; can Ixt n‘pr(»Heiited by the followinjij 
tabl(\’ 

1 8 8 10-f) 12_7 11^9 JO^ll 2-i:t 

whicli shows clfuirly that th(i wimlin^; is re-entrant, an<l iJ«o 
tliat evijry conductor Juih been taken in once and only unco* 
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Tlio «onnootio!i8 of tluH winding to tho commutator arc shown 
in Kig. 12. 

Fig. li{ in unoih<‘r moilnxl adojjiod to show the coiuusctionB of 
the Hamt» wimling ami is obtained by splitting Fig. 12 at xt/ and 
optuiing it out on to a plane. This glvt^s wliat is called the 
develop<*cl wiiiding and shows clearly the shape of the coil which 
is used. If Fig. 11} be cut out ami Inmt around a drum it will 
give the best possil»h» repr<‘Hentatiou of a drum winding. 

Insptxdion of Figs. 12 and 1«{ shows that, just as in the case <»f 
the simph^x (Iramim* winding, there are two paths between tho 
+ and the — lu'ush. 



12. The E.M.F. Equation. If 

</»„ is the ilux per pule wlihdi is <Mit by tlu^ armatun^ (!oiiducl.()rs, 
/» is i h(* nund>er <»f pules, 

p, is the mimbi«r <if paths through the armature, 

/ is tin* total nuiubei of fare ruiulu(‘tors on Mn* armatun* surfaei*, 
r.p.m. is the sp**ed of the armatun* in revolulions p(‘r minut<‘, 
tln*n one eonduetor <Mits »/»«p lines p(‘r i<‘Volution 
or, 


, r.p.m. . , 

..I* Imes m oiui secoml. 

' <)0 

Hiuc<* the numlxM* of coinluctors b(diwe<*n a H ami a- 
the o.m.f. bt»tW(S‘n tins terminals in volts 


bruHh 




(2) 
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The number of iwlcs and paths is ilutormined i»y tlie thwiKinT of 
the maeluno. 

13. Multipolar Machines. -Onnuf tin* easicsl ways by whirh 
to get several patlis through the winding is tu build niultipuiar 



Fxo. 11.—Six-polo Hitnplox singly n«-outmut louttipli* ilrtiiu \uiolio|iC. 


Fkj. If).- 



Puri of a six-poNs Hiinpl(»x Nin#j;ly nM^nlrunt nmlfiplo tlrum wimliiiK. 


tliiiM Ki^. I J hIiowh a mx-j>olr druin wttuUtt|( whirh 
haH kI.x. paths in ])arall<*l l)<‘t\V(*(*n llui \ and tlu‘ — innamals. 

ani thr(*(j -t- and thr(»(% — I»nislu»s aiid like hruslu’s art* 
conn<*(it(‘d togeth(*r outsido of thtJ niaohinoat 7’* and 7’. . 'rht! 
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diagram whi(th in UHod in thin case is a slight modification of the 
dovclopctl diagram an<l g<‘tH ovor the difficulty of splitting the 
winding. Fig. 14 is ratluu' (soinplicatod and will bo explained in 
detail. 

Figaro 15 hIiows tho armaiuro oonduotors, tho polos and the 
commutator of tho samt^ maoliino. Thoro aro two conductors in 
catdi slot so that a soction through one of tho slots is as shown at 

Fig. 15; th<* wimling li(»s in two layers and is called a double 
layer windiruj. In Fig. 11 thc'rn aro 24 slots and 48 conductors; 
a conductor in the top half of a slot is an o<ld-numb(^rcd conductor 
and tliat in tho bottom half of a slot is an evon-numbored con¬ 
ductor, ho that, since the i*v(‘n conductors arc the returns for tho 
odd, each coil has ojui side in the top of one slot and the 
other sitle in tlie bottom of the slot which is one polo pitch 
further over. 'Phe <;oilH an^ all alike and arc made on tho same 
former; a b'W <if the coils an^ shown in place in Fig. 15, where 
condtictors t hat an* in the top layer arti n‘prcsentcd by heavy lines 
whihs those in the bottom layer ar<^ repn^sented l)y dotted lines. 

14. Equalizer Connections. In th(^ winding shown in Fig. 14 
tlH»n» are six pat hs in parallel b<‘twt*(‘ii the 4- and ilu^ — bn'minals, 
and it is lo'cessary that- the voltag<*s in all six paths bo o([unl, 
olherwist* circulating currents will How through thci 
In Fig. Iti, for e\unij»le, is shown a cjiso wh(*n‘, din^ to wear in the 
bearings, itu* armatun* is not (NMitnil with ilu^ ])ol(‘s, and ihoni- 
fon* the Ilux density in tin* air gap un<ler j>ol(»s .1 is gnuibu' than 
that ill the air gap undiT poh»s /f, so that tin* condind.ors und<'r 
poles .1 will have hi|»;l‘<‘r voltages g(*nerat(*d in t.ln*m than Ihosi^ 
that an* urnier jmh*s /f, and iln* vollagi* l)(*t \v(*(*n bruslu'sc and d 
will b«* greater than that bet we(*n bruslu's /a.nd y. Siina^ c and / 
are ironnecUed together, as also are d and y, a (unuilating curn*nt 
will How fneii r to /, through Iln* wiinling to y, thi*n to d and 
liaidv through the winding to r, as shown diagraminat.ically jit. 
(\ Fig. IH. 

Since the cireuluting (Uirn»nts pass through lln^ brushes, sonic 
of tin* brushes will hav<* to carry mon* curn*iit than (.hi*y wi'ns 
desigm*<l for, ami sparking will ri»sult. H'o j)r(*v(*nt tin* circulat ing 
ciirn*nt from having any large valm^ it. is m‘(u*ssary to pr(W(*nt 
un(*<puil Ilux distribution in tin* air gaps und<*r tlm poh‘s. This 
can be done by Hi*tling up the machim^ carefully, taking olT tho 
oulsidt* connections T and T, b(»tw<*eu tho brushes, and adjust¬ 
ing the thicknoHS of the air gaj)8 under the different poles until 
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thovoltagtfs Ix'twwn 1- lunl — ImiHhrHarn all oqual, tin* niiuthino 
boing fully oxiuUhI hiu! running at fill! Hpi'inl nini no lont{. 

It iH iintxwHiblu to cliniinutc entirely tliix (■iiruliiting I'urrent, 
hut itH enoct inuHt be niininiiiied. ThiH in done by prttviiling 
a low ri'nintaiuu* j>atli of ropixT between flu* pointM r and / and 
alBo botwiH'ii d and ff, iiiHldu of the bruHlu’B, ao that the eiiTuliiting 
<uuT(Uit will piuiH around tliia low-r«>Hiatanee path rnllier than 
through the bruaheH. It inuat be iniilerHtoiul lliat tlie eqital- 
izer eonneetioMH, aa theta? Iow-re«iatanee patim are ealleii, do 
not cliniinute the eireulating eiirwiit, but merely prevent it 



from psiHsiiig through the bnishes. When the armature in hi!'. 
1(» n'volves into aiiotlier jmsilioii a (lillereiit aet of eondueloia 
have to be aupplieil willi eipializera, and in order that the 
maehiiK' maybe properly i'<iunlii!ed in all poaitioiiHof tho arma* 
tur(<, all jtointH whieh ought to be at tho Hiune potential at any 
inutant inuHt be (umneetetl together. 

Figure M ia the eomplete diagram Hhowiiig all the wimliiiga 
and alrto the e(|uali/.erH. It ia not m‘eertHury to ei|uali/.e all tin* 
coiltj, beeauw* when, aa in F'ig. 11, the bniHh in on a roil whieh ia 
not directly oonm>cted to an iMiunlizer, there ia atill a path of 
lower resistanoe than that through the Itrualn'H, namely round 
one turn of tho winding and then through the e(|ualixer eonnee- 
tion. It ia usual in practice to put in ubeut ;U) per eent of the 
maximum possible number of equalizer cunncctiuna. 



ARMATURE WINDING 


15 


The dovelopod diagram corresponding to that of Fig. 14 is 
siiown in h'ig. 17; tho only change that has been made is that the 
ecjualizer connections have beem put at the back of the machine 
where they can be easily got at for repair. When those connec¬ 
tions are placed behind the commutator it is iinpossiblo to get 
at them for repair without disconnecting tho commutator from 
tho armature winding. 

When an armature is supjdied with eciualizer connections each 
brush will carry its propesr share of the total current, because at 



Ficj. 17.—Six-polo Kiitiplox aingly ro-ontriint drum winding. 


one Hi(l(! the brushes ar(i all connected togetlKU- throiigli the t(!r- 
niinal (ioiuuHitions and at the otlusr sid(i through tlu' (Miuali/.er con- 
iKfctions, so that the voltage* drop attross (!!ich brush is tin* same, 
and sitice tlu' l)rushes an* all made of tlx* saiix* material tlx'y must 
hav(* the siiiix* curnuit density. A uniciue m(*tho(l of ecpialiy.ing 
a dir<*<*t-<*urn*tit wiixling is shown hater in this chapt(*r (Art, 19). 

16. Short Pitch Windings. In Fig. M tlx* two sid(‘s of (*ael. 
eoil are exactly oix* jxile i)itch ajtart; such ii wiixling is said to ba 
full pilch. In h’ig. IH is shown a winding in which the t wo siiles 
of each coil an* h-ss than one polt* pili*h a]iart: su(*h a winding is 
saiil to be xhoH pilch. Fig. 19 shows the developed diagrain 
for this short-pit(*h winding at tlx* instant wlien (he coils in tho 
ixuit.ral /one an* short.-circuiled. 11 will be seen tlia(. t.lx' elTcctivo 
widt h of tlx* neutral /one has heiai naluced by tlx' angh* n; this 
disadvantagi*, howi'ver, is compimsatcd for hy tlx* fact (.hat tho 
conduct.ors of tlx* coils which an* short-ciniuit.ed at any iiist.aiit 
an* not in the same slot. This, as shown in Art. 711 piifte 89, 
lessens tho mutual induction betweem tho short-circuited coils 
and tends to improve commutation. Shortening the pitch by 
Dxiru than one slot docreasus the neutral /ono but docs not 




IT 

Fia. 19.—Corresponding developed drum winding. 

16. Multiple Windings.—The windings shown in Figs. 14 and 
18 have the same number of circuits through the annaiun^ as 
there are poles. Had they been duplex windings they would 
have had twice as many circuits. When the winding lias a 
number of circuits which is a multiple of the number of poles 
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it is called a mvIUple winding to distinguish, it from that 
described in the next article which is called a series winding. 

Since windings that are not simplex and singly re-entrant are 
very rare, these two terms are generally left out, so that, imless 
it is actually stated to the contrary, aU windings are assumed 
to be simplex Smgly re-entrant, and the windings shown in 
Figs. 14 and 18 would be called six-pole multiple drum windings. 



Fig. 20.—Six-pole series progressive drum winding 



Fig. 21.—Small part of the above winding. 

17. Series Windings.—It is possible to wind multipolar 
machines so that there are only two paths through the armature 
winding. Such windings are called series windings and an 
example of one is shown in Fig. 20 for a six-pole machine; in 
Fig. 21 a small portion of the winding is shown to make the 
complete diagram clearer. 
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If the winding be followed through, starting from the — brush, 
it will be seen that there are only two circuits through the 
armature, and that only two brushes are required. At the 
instant shown in Fig. 21 the — brush is short-circuiting two 
commutator segments and in so doing short circuits three 
coils. Since the points a, b and c are all at the same poten¬ 
tial it is possible to put — brushes at each of these points, so 
that the current will not bo collected from one set of brushes 
but from three; this will allow the use of a commutator of 1/3 of 
the length of that required when only one set of positive and 
one set of negative brushes are used. A machine with a series 
winding will therefore have in most cases the same number of 
brush sets as there arc poles. 



Fia. 22.—Six-polo sorios rotrogrossivc druin winding. 


It may be seen from Fig. 21 that the nunibor of commutator 
segments must not be a multiple of the number of poles otherwise 
the winding would close in one turn round the machine; to be 
singly re-entrant the winding must progress by one commutator 
segment, as shown in Fig. 20, or retrogress by one commutator 
segment, as shown in Fig. 22, each time it passes once round the 
armature, the condition for this is that aS, the number of 

commutator se^ents, =&^±1, where & is a whole number 

and p the number of poles. When the - sign is used the winding 
is progressive, as in Fig. 20, where the number of commutator 
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segments is 23, and when the + sign is used the winding is retro* 
gressive, as in Fig. 22, where the number of commutator segments 
is 25. 

The paragraph in Art. 14, page 15, on the division of the 
total current of the machine, holds to a certain extent for 
the series winding also; the one side of all the brushes are 
connected together through the short-circuited coils, as shown 
in Fig. 21, while the other side of the same brushes are con-, 
nected together through the terminal connections. It is im¬ 
portant to notice, however, that since the number of com- 

mutator segments S is not a multiple of the number of pairs 

of poles, and since the brushes of like polarity are spaced two 
pole pitches apart, a kind of selective commutation will take 
place; thus when, as shown in Fig. 21, brush a is short-circuiting 
a set of three coils in series, brush 6 has just begun to short-circuit 
an entirely different set of three coils in series and brush c has 
nearly finished short-circuiting still another set of three coils in 
series. 

The series winding has the great advantage that equalizers 
are not required, since, as shown in Fig. 21, the winding is already 
equalized by the coils themselves, so that there can be no circu¬ 
lating current passing through the brushes; further there can 



be no circulating current in the machine due to such causes as 
(ineciual air gaps because each circuit of the winding is made up 
of (‘.onductors in series from under all the poles. On account of 
this fact, and also because of the property that only two sets of 
bruslics are required, the series winding is used for D.-C. railway 
motors, iDOcause in a four-pole railway motor the two brushes 
can 1)0 sot 90 degrees apart so as to have both sets of brushes 
above the commutator, where they can be easily inspected from 
the car. 
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18. Lap and Wave Windings.—From the appearance of the 
individual coils of the two windings, Figs. 14 and 20, tho former 
is sometimes called a lap winding and the latter a wave winding. 
It must be understood, however, that each of the coils shown in 
these diagrams may consist of more than one turn of wire, thus 
Fig. 23 shows both a lap and a wave coil with several turns per 
ooU, so that the terms lap and wave apply only to the connec¬ 
tions to the commutator and not to the shape of tho coil itself; 
the terms mvlMpU and series are more generally used. 



Fig. 24.—Combined lap and wave winding; wave wimlinK foniiinK the (tohh 

(lonnectionB. 


19.* A unique modification of the method of equalizer connec¬ 
tions discussed in Art. 14 has been proposed by W. H. Powell 
and G. M. Albrecht and has been incorporated into direcfc-curnmt 
machines produced by the Allis-Chalmers Company, of Mil¬ 
waukee, Wis. It consists essentially of combining lap-and- 
wave windings in the same armature structure. Figure 24 
shows a part of the winding for an eight-pole, direct-current 
machine equalized by this method. Figure 25 shows one com¬ 
plete coil of such a winding and parts of two adjacent coils. 

‘ See /ron and Sted Engineer, Sept., 1925. 
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Referring to Fig. 24 and quoting from the paper mentioned in 
footnote 1: 

It will be noted that the group of four lap coils 46, 65, 56, 67, con¬ 
nected to the commutator segments 1 to 6, has connected at its ter¬ 
minals, that is, to segments 1 and 5, the group of four wave coils 62, 58, 
59 and 60. There are then between segments 1 and 5, four voltage 
generating, current carrying, lap wound coils with coil sides under 
poles A and R, and also four voltage generating, current carrying, wave 
wound coils with coil sides under poles ff, (?, F, R, Z), C, R, A. If all 
of the poles are of the same magnetic strength, the voltage generated by 
each circuit will be equal, and as the resistance of the circuits are equal, 
the currents will be equal. * If the magnetic strength of the poles is 
not equal, the current flowing in the two circuits will be proportional 
to the voltage generated, which in the lap coils is dependent on one pair 
of poles, and in the wave coils dependent on the average of all the pairs 
of poles. In Fig. 24, there are also shown the four lap and wave coils 
between segments 1 and 29 in which the same conditions obtain as 
between segments 1 and 6. 

On account of the appearance of the coils, this winding has 
been called by its inventors the frog leg winding. Preliminary 



Fig. 25.—Photograph of “frog leg” coil. 


tests on this innovation indicate an excellent performance but 
it has not yet received the test of extended use. Its real value 
must, of course, rest upon the results of such use. 

20. Shop Instructions,—It would be a mistake to send winding 
diagrams such as those described in this chapter into the shop 
and expect the men in the winding room to connect up a machine 
properly from the information given there; the instructions 
must be given in much simpler form. For a winding such as 
that shown in Fig. 17 the shop instructions would read: ‘‘Put 
the coil in slots 1 and 5 and the commutator connections in 
segments 1 and 2,'^ where the position of segment 1 relative to 
that of slot 1 is fixed by the shape of the end of the coil. All 
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the coils are made on formers and are exactly alike, so that, 
having the first coil in place, the workman can go straight ahead 
and put in the other coUs in a similar manner. 

In the case of a winding such as that shown in Fig. 20, the 
instructions would read: “Put the coil in slots 1 and 5 and the 
commutator connections in segments 1 and 9,” where the position 
of segment 1 relative to that of slot 1 is again fixed by the shape 
of the coil. 

21. Duplex Multipolar Windings.—^'fhe multipolar windings 
discussed so far have all been simplex and single reentrant. 
It is. evident that both multiple and seri^ windings can be made 
duplex if necessary; such windings can easily be drawn from the 
information already given in this chapter and no special dis¬ 
cussion of them is necessary. 

22. Windings with Several Coil Sides in One Slot—There are 
generally more coils than there are slots; Fig. 26 shows part of 
the winding diagram for a machine which has a multiple wind¬ 
ing with four coil sides in each slot and two turns pt^r coil, and 
Fig. 27 shows part of the winding diagram for a series wound 
machine also with four coil sides in each slot and two turns t>cr 
coil. A section through one slot in each case is shown in Fig. 
28; there are eight conductors per slot and conductors are 
numbered similarly in Figs. 27 and 28. In each case there are 
two commutator segments to a slot since the number of commu¬ 
tator segments is always the same as the number of coils, in fact 
a coil may be defined as the winding element between two 
commutator segments. 

23. Number of Slots and Odd Windings.—^For series or wave 
windings the number of coils = S, the number of commutator 

segments, => ± 1,' (A being an interger); therefore the numlxT 

of coils must alway be odd when ^ (the number of pains of poles) is 

even, and even when | is odd. Even when the proper nuinb<^r 

of slots is used, it is not always possible to get a wave winding with¬ 
out some modification. Suppose, for example, that a 110-volt 
four-pole machine has 49 slots and two conductors per slot, then 

1 This relation is restricted to the singly re-entrant simplex type of wave 
windings. An inspection of Fig. 24 will indicate that this relationship does 
not hold when a multiply re-entrant type of wave winding is used such as are 
that portion of the windings that are of the wave type in that figure. 




Fio. 27.—Series windiiifi with four coil sides i)cr slot and two turns i>or coil. 



8478 


]PiG. 28.—Section through one slot of the above windings. 
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the number of coils =49 = 24^ + 1, which will give a satis¬ 
factory winding; when wound for 220 volts the machine requires 
twice the number of conductors, or four conductors per slot, 

so that the number of coils =98 = 49^ ± 0 which will not give 

a wave winding. In such a case, however, the winding can 
be made wave by cutting out one coil so that the machine has 
really 97 coils instead of 98, and has also 97 commutator seg¬ 
ments; the extra coil is put into the machine for the sake of 
appearance but is not connected up, its two ends are taped so 
as to completely insulate the coil, and it is called a dead coil. 

When the armature is large in diameter it is built in segments 
as described in Art. 30, page 29. In such a case it is difficult 
to get an odd number of slots on the armature; indeed, it can only 
be done when the number of segments that make up one complete 
ring of the armature and also the number of slots per segment 
are both odd numbers; however, for reasons to be discussed under 
commutation, series or wave windings are seldom found in large 
machines. 

For multiple or lap windings the number of slots must lx* 
multiple of half the number of poles if eciualizers arc to be used; 
this can be ascertained from Fig. 16, where it is seen that in th(> 
case of a six-pole machine the equalizers must each connect 
together three points on the armature exactly two pole pitches 
apart from one another. It is found, however, that small four-pole 
machines with multiple windings run sparklessly without equal¬ 
izers, and since the only condition that limits a multiple winding 
without equalizers is that the number of conductors be cv(*n, for 
such small machines the same punching is used as for the machiiut 
with the series winding, namely, a punching having an odd num¬ 
ber of slots; the number of conductors will be even since the 
winding is double layer, and has therefore a multiple* of two con¬ 
ductors per slot. By the use of the same punching for both 
multiple and series windings, a smaller stock of standard parts 
needs to be kept, quicker shipment can be made, and lower 
selling prices given for small motors, than if different punchings 
were used. In the case of large machines it is best to make the 
winding such that equalizers can be used, because the sparking 
caused by the want of equalizers becomes worse as the number of 
poles and as the output of the machine increases. 



CHAPTER III 


CONSTRUCTION OF DIRECT-CURRENT MACHINES 

The construction of electrical machinery is really a branch of 
mechanical engineering but it is one which requires considerable 
knowledge of electrical phenomena. 

Figure 29 shows an exploded view of the type of construction 
that is generally adopted for D.-C. machines of outputs up to 
100 hp. at 600 r.p.m. 

24. The Armature. — M, the armature core, is built up of 
laminations of sheet steel 0.014 in. thick; the thinner the lamina¬ 
tions the lower the eddy current loss in the core, but sheets 
thinner than 0.014 in. are flimsy and difficult to handle. 

The laminations are insulated from one another by a layer of 
varnish and are mounted directly on the shaft of the machine 
and held there by means of a key. Usually these armature 
punchings are provided with a small notch, called a marking 
notch, the object of which is to ensure that the burrs on the 
punchings all lie the same way; it is impossible to punch out slots 
and holes without burring over the edge, and unless these burrs 
all lie in the same direction a loose core is produced. 

The laminations are punched on the outer perii)hery with 
slots which carry the armature coils. The type of slot in general 
use is the open slot. The other type which is sometimes used is 
closed or at least partially closed at the top; the coils in this case 
have to be pushed in from the ends. The open slot has the 
jidvantage that the armature coils can be fully insulated l)efore 
l)eing put into the inacliine, and that the coils can be taken out, 
repaired, and replaced, in the case of a breakdown, more easily 
than if the closed type of slot had been adopted. 

The armature core is divided into blocks by means of vent 
segments, shown at F; the object of the vent ducts so produced 
is to allow free circulation of air through the machine to keep it 
cool; they divide the core into blocks usually less than 3 in. thick 
and are approximately % in. wide; narrower ducts are not 
very effective and are easily blocked up, while wider ducts do 
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not give increased cooling effect and take up space which might 
be filled with iron. 

The vent segments arc mounted directly on the shaft, and, 
along with the laminations of the core, arc clamped between two 
cast-iron end heads which cannot be seen in Fig. 29 because they 
are hidden by the windings. These end heads carry the coil 
supports and the ends of the' coils projecting beyond the iron 
laminations M are finnly supported in place by being bound 
down against them by the band wires B. 

25. Poles and Yoke.—The armature revolves in the magnetic 
field produced by the exedting coils A which are wound on and 



Fiu. ay.—Exploded viow of a modoni D.-C, motor. 


insulated from the poles P. The polos P, shown in Fig. 29, an* 
rectangular in cross-section and are made up of laminated iron 
riveted together- These pole laminations are usually mad(* 
from sheet steel of approximately 0.025 in. thickiuiss. For¬ 
merly, it was quite common to make the poles of D.-(5. motors 
and generators of solid iron of round cross-section. This con¬ 
struction had the merit of using a smaller amount of copper in 
the field coils but it had the disadvantage of reciuiring the use of 
a laminated pole face, usually riveted or bolted to the field core. 
The purpose of these laminated pole faces was to prevent eddy 
currents from being set up in the pole face by the armature 
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teeth, as would be the case if the pole face were solid instead of 
laminated. The laminated pole construction shown at P, Fig. 
29, provides the necessary laminated pole face inherently and 
this construction for poles is almost universal in modem D.-C. 
generators and motors. 

In addition to the main poles P, Fig. 29, and their windings 
Aj modern D.-C. machines are equipped with auxilliary poles F 
and windings 0. These are commutating poles (formerly called 
interpoles). Their function is to improve commutating condi¬ 
tions and their theory and method of operation is given in suc¬ 
ceeding chapters on commutation. 

The axial length of the pole is usually made shorter than the 
axial length of the armature core. This is done to enable the 
revolving part of the machine to oscillate axially and so prevent 
the commutator, journals and bearings from wearing in grooves. 
In order that the armature may oscillate freely it is necessary 
that the reluctance of the air gap does not change between the 
two extreme, positions, the condition for which is that the 
armature core be longer or shoi*ter axially than the pole face by 
the amount to be allowed for oscillation, which is usually % in. 
for motors up to 50 hp. at 900 r.p.m., and in. for lat'gcr 
machines. 

The poles are attached to the yoke C by means of bolts; 
the yoke also carries the bearing housings D which stiffen the 
whole machine so that the yoke need not have a section greater 
than that necessary to carry the ilux. 

The housings and yoke are clamped together by means of 
bolts E and the construction • must be such that the housings 
are capable of rotation relative to the yoke through 90 or LSO 
deg. in order that the machine, usually a small motor, may be 
mounted on the wall or on the ceiling. This rotation of the 
bearings is necessary in such cases because, since the machines 
are lubricated by means of oil rings, the oil wells must be always 
below the shaft. 

26. Commutator.—The commutator is built up of segments 
of hard-drawn copper insulated from one another by mica 
which varies in thickness from 0.02 to 0.06 in., depending 
on the diameter of the commutator and the thickness of the 
segment. 

The segments of mica and copper are clamped between two 
cast-iron V-clamps and insulated therefrom by cones of micanite. 
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27. Bearings.—The construction of a typical bearing is shown 
at L and N. This is the oil-ring system of lubrication which is 
almost universally used in modem machinery. Figure 29 shows 
a split bearing L used at the pulley end in conjunction with a 
split housing Di and a solid bearing N used at the commutator 
end in conjunction with the solid housing /)». On smaller 
machines, it is usual to make all housings and bearings solid. 
Screw plugs are located at the bottom of the oil wells in the 
bearing housings so that old oil may bo drained out whenever 
necessary. 

The brushes II with “pig tails” attached for carrying the 
current, are carried in bnish holders I and these are in turn 



mounted on brush-holder studs J. The studs are insulated from 
the rocker arm K, which is usually carried on a turnc'd scuit, on 
the bearing. In the commutating pole typo of machines, t.he 
proper position of the rocker arm K docs not altcu- witli load as 
it does on the non-commutating polo type. Once the proper 
position of K is found the rocker arm is clamped in that position 
and remains there. Sometimes it is dowelled in its proper 
position. 

28. Cross-section.—Figure 30 shows in longitudinal cross- 
section a small D.-C. machine (about 30 in. outside diameter). 
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This machine was made by a different company from that shown 
on Fig. 29. The differences in construction are in minor details 
only. 

29. Slide Rails.—^When the machine has to drive or be driven 
by a belt, arrangements are made so that the entire machine 
may be mounted on rails; a belt-tightening device is supplied 
so that the position of the machine on these rails may be adjusted. 

30. Large Machines.—The construction of large D.-C. 
machines differs only in detail from that of the smaller mafiliinRa 
already described. Figure 31 shows the front and rear views of 
a 300-kw. 600-volt D.-C. engine type generator at 200 r.p.m. 



Ficj. 81.—Photograph of a typical D.-C. engine typo generator. 


It will be noted thnt the machine is equipped witli both main 
and commutating poles as are the smaller machines. In the 
case of a !).-(.. generator (as shown in Fig. 31), the main poles 
ar(i providcMl with both shunt and series field coils aiul the com¬ 
mutating pol(\s, with a series winding. When the armature diam- 
(iter (^xcxMjds 30 in. tlui punchings for the armature arc usually 
not made in a single ring but from the segments of a circular 
ring as shown in Fig. 32. These segments are attached by dove¬ 
tail proj(u;tions, shown in Fig. 32, to the cast-iron spider shown 
in the rear view of Fig. 31. Figure 32 vshows the shape of a 
standard armature segment punching and it shows further how 
one of these standard punchings is provided with ventilating 
fingers to form a ventilating plate. As indicated in a previous 
paragraph, one of these ventilating plates is used for not over 
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2}4 in- of solidly stacked laminations. In building up the larger 
machijies, the laminations shown in Fig. 32 arc staggered so 
that alternate segments overlap each other. The ventilating 
fingers consist of sheet steel on edge. Those ventilating plates 
are used not only interspersed in the core but also at the ends of 
the core; the end ventilating plates are partly for ventilation but 
mainly to support the teeth. The polo construction is usually 
of laminations riveted together as dcscribetl for the smaller 
machines. 

The shaft, bearings, and base of such a machine are gniuirally 
supplied by the engine builder. The bearings are similar to 
those shown in Fig. 29 except that the bushiing is generally made 
of babbitt metal, which is cast ami (^xpandcal into a cast-iron 
shell. One oil ring is put in for each 8-iu. length of tlus bearing 
bushing. 



32. Arinaturo w’KiiK'iit for a K<*n(»raior; whowinK v(*nl. finK(‘rH uppIicMl. 

Since tho nhaft is Hupplied by the engine builder it iw n<u^(^s.sl^ry 
to Hupport the commutator from the armature f^pider. The briwh 
rigging must also bo supported from the machine in some way 
and is generally carried from the yoke as shown, in Fig. 31. 
Brushes of like polarity are joined together by copper rings whic^h 
carry the total current of the machine to the terminals. 

The yoke of a largo D.-O. generator is always split so tihat, 
should the armature become damaged, one-half of tlui yok(^ 
can be moved away and repairs done without removing <,h(^ 
armature. 

31. Ventilation.—^Figures 33 and 34 show the construc.tion 
that is provided to secure good ventilation of the shunt field cioils 
and the heavy strap copper windings that arc used for th(^ scri(^s 
field and conimutating pole windings of modern D,-(y. machiruis. 
Adjacent turns of the copper strap are separated by an air space 
so as to allow free circulation of air. A ventilating system such 
that air is drawn through the machine in an axial direction will 
therefore carry off heat from both sides of these straps. 
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CHAPTER IV 
INSULATION 

32, Types of Insulation Defined.—The standards cjoinrnittcc 
of the American Institute of Electrical Engineers lias defiruMl 
various classes of insulation tliat are appli(ial)le t(.' (iku^trical 
machinery. There arc four classes that arc^ so r(H‘,ognij5ed, 
defined as follows. 


CLASSES OF INSULATION 

Class O' Imidatio'n (<lass 0 insulation (U)nsist.s of 

cotton, silk, paper, and similar organic materials wlam mdl.lKU’ 
impregnated’ nor immersed in oil. 

Class A. Lrisidatum Defined,-— A insulation (‘.onsists of 
cotton, silk, paper, and similar organic maiiuTds vvh(‘n impn'g- 
nated^ or immersed in oil; also (mamel as applii'd to c,onduct.ors. 

Class B InsuUdion Defined. —(dass li insulation c-onsists of 
inorganic materials such as mica and asbestos in huilt-ui) form, 
combined with landing substances. If (dass A matcu’ial is us(‘d 
in small quantities in (‘.onjunction, for structural purposes ordy, 
the combined material may be considered as (dass provid(Ml 
the electrical and nu’chanical proixu'ties of the insidated windings 
arc not impaired by the application of the tempen-ature pcu-mittcMl 
for Cdass B material. (The word “impair” is h('r(‘ us(‘d in t.h(‘ 
sense of causing any change which could disciuaJify th(‘ insu¬ 
lating material for continuous service.) 

Class C Insidation Defined. —(dass (' insuhition (U)nsists of 
inorganic materials such as pure mica, porcuTain, (puiriz, (‘t(‘. 

^ Impregnated eotton, paper or silk.—An insuhition is (•()nKi(l(‘r(Ml to 
“impregnated” wlieri a suitable substance repla,(U‘s tin' air b(‘t\V(M'n it.s filx'ps, 
even if this substance does not completely fill the spn,(t(\s Ix'twnx'n tJu' insu¬ 
lated conductors. The impregnating substanc(‘, in oixhn- to b(‘ (-onsich'nxl 
suitable, must have good insulating properties; must (uitin^ly cover tlie filxn-s 
and render them adherent to each other and to the eonduetor; must not 
produce interstices within itself as a consequence of (waix)radon of th(‘ 
solvent or through any other cause, must not flow during thc^ oj)(;ration of 
the machine at full working load or at the temperature limit specified; must 
not unduly deteriorate under prolonged action of heat. 

32 
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Class 0 insulation is practically never used in electrical 
machinery, since its properties are so much improved in every 
way by impregnation, thus making it Class A insulation. Class 
A insulation is sometimes used and Class B, usually used in the 
armatures of D.-C. iiiachinery. The insulation usually used 
consists of the so called “mica wrappers” on the straight or 
slot portion of the coil and “mica tape” on the end portions. 
The manner of applying these is given in detail in an insulation 
specification in Art 42, page 40. 

Mica Wrappers.—This is a composite material made by apply¬ 
ing mica to paper with an appropriate bond—usually shellac. 
The paper used is a strong paper, usually 0.004 in. thick. In 
some typos of wrappers this paper thickness is increased to as 
much as 0.007 in. To this paper is applied mica which has 
previously been split into thin sheets (about 0.001 in. thick). 
Several layers of this mica are applied to the paper with a 
shellac bond between paper and mica and between the 
several layers of mica. The sheet is then pressed under heat 
to make the whole as homogeneous as possible. The final 
thickness of thc^ wrapper is usually from 0.010 to 0.012 in. In 
special (5as(\s wluire heavier paper is used, the total thickness of 
the finished wrapper- may go up to as much as 0.025 to 0.035 in. 

Mica Tape.--This is also a composite material made in very 
much th(^ saim^ way as above descrilx^d for the wrappers, the 
main difT(u*en(^e Ix'iiig that a thin “Jap” paper 0.001 in. thick 
is us(m1 for th(^ ba-eking to build on and the thickness of mica is 
limited to 0.002 to O.OOl in. The sheet of built-up mica is 
then cov(U*<^d with a top sluMit of “Jap” paper. The built-up 
sh(H*t is then slit into tape of the width retpiired, usually in. 
Th(^ bond used in the manufacture of this sheet that is later slit 
into tap(^ is of such a nature that the resulting tape is flexible 
and the mica laminae slip over each other readily when applying 
the tai)e. 

By w(Mghi., the perccuitagc of mica in mica tape is 00 to 70 
per cent an<l in mica wrappers 50 to (50 per (^ent. 

The temperatures that (Uass A and (Uass B insulations are 
expected to withstand are given later in Art. 101. 

33. Properties Desired in Insulating Materials.—A good 
insulator for electrical machinery must have high dielectric 
strength and high electrical resistance, should be tough and 
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flexible, and should not bo affected by heat, vibration, or other 
operating conditions. 

The material is generally used in sheetH and itH dielectric 
strength is measured by placing a sheet of the material between 
two flat circular electrodes and gradmUly raising the voltage 
between these electrodes until the material breaks down. To get 
consistent results the same electrodes and the sanie pressure 
between electrodes should bo used for all comparative tests; 
a size of 2 in. diameter, with the corners rounded to a nulius of 
of 0.2 in. and a pressure of 1.5 lb. per s<iuare imth, have been 
found satisfactory for such tests. 'I’he value of the di<de<!tric 
strength is defined as the highest effective alUtrnating voltage 
that 1 noil will withstand for 1 min. without bn^aking down. 

The material should be tcstefl over the rang<' of temperatun* 
through which it may have to be used, and all the <!onditions 
of the test and of the material should be noted; for example, 
the dielectric strength depends largely on th<^ amount, of moistimi 
which the material contains and is gcuu'rally higlu'st wIkmi t.h(» 
material has been baked and the free moistun^ (fxfxdled. 

The flexibility is measured by the numb(>r of times the mabu-ial 
will bend backward and forward througli 90 deg. over a sharj) 
corner without the fibers of the matcu-ial bnxiking or the (li(‘l(‘(itri<i 
strength becoming seriously Uissened. Mat(*rials which ani (iuit.(« 
flexible under ordinary conditions often beconui brittk* wl»<*n 
baked so as to expel moisture. 

34. Materials in General Use.—Kor the insulation of windings 
the choice is limited to the following inatc'rials: Mi(!anite, 
mica, varnished cloth, paper, cotton, various gums and viirnislics. 
Also mica is used in conjunction with paper or cloi.h to make t la* 
composite insulation mentioned above viz., “mica wrapp(>rs,” 
“mica tapes” etc. 

Cotton tape which is generally 0.006 in. thick and 0.7.') in. 
wide is put on coils in the way shown in Fig. 35, which is (lallcd 
half-lap taping. Such a layer of tape will withs<.and abo\ii. 250 
volts when dry. When the tape is impregnated with a stiitablo 
compound so as to fill up the air spaces between the fibers of 
the cotton such a half-lap layer will withstand about 1000 volts. 

Cotton Covering.—Small wires are insulated by sjjinning over 
them a number of layers of cotton floss; the wire generally used 
for armature and field windings is insulated with two layers of 
cotton and is called double cotton-covered (d.c.c.) wire. Single 
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cotton-covered wire is sometimes used for field windings, and 
for very small wires silk is used instead of cotton because it 
can be put on in thinner layers. The thickness of the covering 
varies with the size of the wire which it covers, and its value 
may be found from the table on page 604, A double layer, with 
a total thickness for the two layers of 0.007 in., will withstand 
about 150 volts. When impregnated with a suitable compound 
it will withstand about 600 volts. 



Micanite, as used for coil and commutator insulation, is made 
of thin flakes of mica which are stuck together with a flexible 
varnish. The resultant sheet is then baked while under pressure 
to exp(d any (^x<!ess of varnish and is afterwards milled to a 
standard thickness, usually 0.01 or 0.02 in. 

It is a v(M-y reliabk^ insulator and, if carefully made, is very 
uniform in (juality. It can be bent over a sharp corner without 
injury be(‘.ause the individual flakes of mica slide over one 
another. ''Fo makcj tliis possible the varnish has to be very 
fU'xible. 

''Fhe diele<;tric strength of micanite is about 800 volts per mil 
on a lO-mil sam|)l(^, and is not seriously lessened by heat up to 
150° (^, but long-eontiniKid exposure to a temperature greater 
than 100° causers the sticking varnish to loose its flexibility. 
Micanite <lo(\s not al)sorb moisture readily, but its dielectric 
strength is reduced by contact with machine oil. Such micanite 
is th(i insulation that is used for commutators. 

Varnished Cloth.---('loth which has been treated with varnish 
is sold under different trade names. I5mpire cloth for example, 
is a cambric cloth treated with linseed oil. It is very uniform in 
quality, has a dielectric strength of about 750 volts per mil on a 
10-inil sample, and will bend over a sharp corner without crack¬ 
ing. It must be carefully handled so as to prevent the oil film, 
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on which the dielectric strength largely depends, from becoming 
cracked or scraped. 

Various Papers.—^These go under different trade nainos, such 
as fish paper, rope paper, horn fiber, leatheroid, etc. When dry, 
they have a dielectric strength of about 250 volts per mil on a 
10-mil sample. They are chosen principally for toughness and, 
after having been baked long enough to expel all moistuni, should 
bend over a sharp comer without cracking. 'I’lio prc8<uu!e of 
moisture in a paper greatly reduces its <lielectric strength an<l 
generally increases its flexibility; all papers absorb moisture 
from the air. It is good practice to mould tint papctr to the 
required shape while it is damp, then bak<i it to expel moisture 
and impregnate it before it has time to absorb moistunt again. 

Impregnating Compound.—'I'he compound which has been 
referred to is usually made with an jisphaltum or a paraflin 
base, which is dissolved in a thinning material. It shouhl have 
as little chemical action as possibhi on copper, iron, and insulate- 
ing materials. It should be fluid when applied; must be used 
at temperatures below tlu* brcsak-down temi)<(ra<.ur(i of («)tton 
namely 120° (1; should bo solid at all temperatunw below 100“ d.. 
and should not contract in changing from tint fluid f.o the .solid 
state. 

Elastic Finishing Varnish, --'rhis is usually an air-drying 
varnish and is put on the outside of insiilated coils. It should 
be oil-, water-, acid-, and alkali-proof, should dry (iui('kly, mid 
have a hard surface when dry. 

36. Thickness of Insulating Materials. -It is not generally 
advisable to use material which is thicker than 0.02 in., b(“emi.se 
if there is any flaw in the. material that, flaw giuierally goc's tihrough 
the whole thickness, whereas if several thin shei'ts are u.sed the 
flaws will rarely overlap; thick sheets also ari' not so flexible as 
are thin sheets. For those reasons it is Ix'tter to u.se several 
layers of thin material to give the desired thickness rather f.han 
a single layer of thick material. One of the advantages of the 
mica wrapper and mica tape is that their construction, being 
several layers thick, avoids the inherent disadvantage of a single 
layer of material. 

36. Effect of Heat and Vibration.—It is not advisable to allow 
the temperature of the insulating materials mentioned in Art>. 
34 (except mica) to exceed 85° C. because, while at that tempera¬ 
ture the dielectric strength is not much affected, long exposure to 
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such a temperature makes the materials dry and brittle so that 
they readily pulverize under vibration. It must be understood 
that the final test of an insulating matmal is the way it stands 
up in service when subjected to wide variations in voltage and 
temperature and to moisture, vibration, and other operating 
conditions found in practice. 

37. Grounds and Short-circuits.—one of the conductors 
an armature winding touch the core, the potential of the core 
becomes that of the winding at the point of contact, and if the 
frame (yoke, housings, and base) of the machine be insulated 
from the ground, a dangerous difference of potential may be 
established between the frame and the ground. For safety 



Fkj. JiO.*-Win(linK with grounds. 


it is advisable to ground the frame of the machine, and then 
the pot(intial of the winding at the point of contact with the core 
will always be the ground potential 

If th(i winding be grounded at two points a short-circuit is 
produced and a large current flows through the short-circuit, 
this will burn the windings before the circuit-breakers can open 
and put the machine out of operation. 

If, for example, the winding shown in Fig. 36 becomes grounded 
at the point a, the difference of potential between the point b 
and the ground changes from to Eij but no short-circuit 
is produced unless there exists another ground in the winding 
at some point d, or in the system at some point e. If the machine 
were a motor, a short-circuit would open the circuit-breakers, 
but not before some damage had been done. If the machine 
were a generator, and a short-circuit took place between points 
a and d, the circuit-breakers would not open unless power 
could come over the line from some other source, such as another 
generator operating in parallel with the machine in question, or 
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from motors which are driven as generators l)y this inertia of 
their load. 

38. Slot Insulation and Puncture Test.—As shown in the 
preceding article, the insulation between the conductors and a 
core which is grounded may, un<ler certain eircunistances, Iw 
subjected to a difference of potential e({ual to the tenninal 
voltage of the machine. Duo to operating causes still great<!r 
differences of potential are liable to occur. To make sure that 
there is enough insulation between the conductors and the core, 
and that this insulation has not been (lainag(t(l in haiullitig, all 
new machines are subjected to a puncture test before tlujy are 
shipped; that is, a high voltage is applied betwecin the comliKitors 
and the core for 1 min. If the insulation doc^s not break 
down dming this test it is assumed to be amphi. 'rhe valu<» of 
the puncture voltage in accordance with the standards of th(^ 
A. I. E. E. is, for D.-C'. machinery, twicr. normal volUuje plan 1000. 

39. Insulation of End Connections.—I'kvainination of Fig. :{(> 
will show that the voltage between two end contKJctions which 
cross one another may be, as at point /, almost (Hiual to Kt, the 
terminal voltage. The end connections must th(*n‘fore Ixt 
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-Insulation where eoil lcuv(*s 
slot. 


insuhitod for this V()lta>i;(i. 

40. Surf ace Leakage. Iftln^ 
end connections had only sulli- 
cient insulation to withstand th<' 
voltage Jit this insulation would 
break down during the punctun^ 
tost due to what is called surface 
leakage, h'igun^ 1^7 shows p;u-t 
of a inot.or winding nnd th(‘ 
insulation at th<^ point. wh<‘n‘ 
the winding l(‘av(\s th(‘ slot. 
The slot insulation is sufTicient to withstand th(‘ punct.un* 
test and is continued beyond the slot for a dist.n.nc(» rj\ W'Imui 
a high voltage is applied between th(i wiailing and tia^ r.on* the 
stress in the air at h may be sufficient to ionize it, th(*n th(‘ air 
between e and / becomes a conductor, the drop of potcuitial 
between e and / becomes small, and the voltages a.<a‘oss the (uxl- 
connectioE insulation at /, which eciuals the puncturci voltage 
minus the drop between e and /, becomes high. To prev(mt 
break-down of the end-connection insulation due to this causes 
the distance ef is/made as large as possible without increasing the 
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total length of the machine to an unreasonable extent and the 
end-connection insulation is made strong enough to withstand 
the full puncture voltage but with a lower factor of safety than 
that used for the slot insulation. Suitable values of ef, taken 
from practice, are given in the following table. 


Uatod Tjokminal Voltaom 
or CiiitJUiT 

Ldngtk 
ef.f Inches 

Up to 

000 volts 

1 

COO to 

1,200 volts 

IH 

1,200 to 

2,500 volts 

IK 

2,500 to 

3,500 volts 

IK 

3,500 to 

4,500 volts 

IK 

4,500 to 

0,000 volts 

2K 

0,000 to 

11,000 volt^ 

2H 

11,000 to 

13,2()() volts 

3K 


The above table covers both D.-C. and A.-C. practice, there 
being at presc^nt no standard D.-C. voltage above 3000 volts. 



Vm. ;}s. 

C^oil for doul)h» layer windiiiK 


with two turns 
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per coil and 8 cond. per slot. 


41. Several Coil Sides in One Slot.—Since the voltage between 
two adjacent commutator segments seldom exceeds 20 volts a,nd 
is more often of the order of 5 volts, the amount of insulation 
between adjacent conductors need not be large; thus the eonduc- 
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tors shown are insulated from one another by one layer of tape 
on each conductor or by a wrapper as indicated in Art. 42 
and the group of conductors is then insulated more fully 
from the core. The completely insulated group of coils is shown 
in Fig. 38, and Fig. 39 shows the same group of coils before they 
are insulated. 

When the individual coils are made up of a number of turns of 
d.c.c. round wire it is advisable to put a layer of paper between 
them, because the cotton covering may become damaged when 
the coils are squeezed together to get them into the slot. The 
voltage between adjacent turns of the same coil is so low that the 
cotton covering on the conductor is ample for insulating purposc^s. 

42. Examples of Armature Insulation. -Modern methods of 
insulation can be best understood by giving an actual insulation 
specification. The following is quoted from such an insulation 
specification of one of the large Ameri(*.ari mamlfa(^tur(^rs of 
electrical apparatus. 

Insulation for IIotaby Conveuthb and D.-C. Gknmuatou Aumatuh 
Skrviok VoLTA<Hfl —700 OR Lmhh 

Coils formotl of Ixirc copper strap. 

Diamond type winding. 

Mica insulation with ('otton tap<^ outside 
Jnaulating Coiht: 

Conductor Insidation: 

First. With one to four condu(!t.ors inclusive of ban^ copper strap (widl.h- 
wise) per coil, tape the enen nuviheretl condu<d.ors with two layers and th(‘ 
odd numbered condu(!tors with on<i layer on parts not (soven^d by wrapper 
with 0.004 mica tape, half overlapped. JOxtend the mica taix? about in. 
under the wrapper. Fasten loose ends with one or two turns of 0.00 XT) col,Ion 
tape and liquid glue. 

Second. With five or more conductors (widthwistO tap(‘ (‘very (conductor 
with 0.0045 mica tape, half overlapping. Apply two lay(‘rs of tajx* ov(‘r tlx* 
even-numbered conductors on parts not cov<t(mI by wrapjx*r and one Ijiy(‘r 
over parts covered by wrapper. Apply one layer of tape* all around tlx* 
odd-numbered conductors and reinforce betwcxui (jondu(d.ors on straight p.arls 
in slot with one strip of 0.004 mica tape. Cut th(!S(^ strips alxxit * .'^2 vvider 
than the insulated conductor and lap them ov(?r tlx* s(‘(H)nd taping on tlxj 
even-numbered conductors. Fasten the loose (mds of tap(^ on tlxi l(*ads with 
one or two turns 0.0045 cotton tape and liquid glu(\ Brush with slxdlac 
then assemble. 

Wrapping: 

Third. For length of wrapper see coil drawing. Wrap coils on straight 
parts through slots with (2K) two and one half turns of O.OlO-in. thick fish¬ 
paper and mica wrapper starting between conductors with one to foiir con- 
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ductors per coil inclusive. Do not start wrapper between conductors 
with five or more conductors per coil. Tape coil ends (diamond portion) 
with one layer of 0.(X)4 mica tape, half overlapped. Start and end this tape 
by lapping it about ^ in. over the ends of the wrapper. Where necessary 
on account of sharp bends around the loop at the rear end of the coil the 
mica tape may bo omitted. Reinforce between the lead or loop and adja¬ 
cent conductors at rear end with thin splittings of mica, cut to fit the coil. 
Tape the coils all over with one layer of 0.007 cotton tape, not overlapping 
over portioiis of coil embedded in the slot, half overlapping elsewhere. 
Sew loose ends of tape with strong thread. 

Treatments: 

Fourth. Singe thc^ tape and treat coils three times by dipping in insulating 
varnish and then baking. Apply this treatment only once to portion of coil 
embedded in slot, but the specified number of times to the end portions. 
Oaitging: 

Fifth. See coil drawing for gauge sizes over insulation. Coils should be 
pressed in both dimensions where necessary to keep the sizes specified. 
Insulation for Cross-connection (unless otkerunse specified): 

Conductors Insulated Separately. —Insulate individual conductors with 
two layers of 0.007 cotton tape, half overlapped. Singe the tape and treat 
connectors three times by dipping in insulating varnish and baking. 

Conductors Insulated in Groups. —Insulate the odd numbered conductors 
with one layer and tlu^ o.vm numbered conductors with two layers of 0.007 
cotton tape, half overlapped. 

Assemble conducjtors as p(^r drawings and hind together with one layer of 
0.007 cotton tape, half ovc^rlapped. Singe the tape and treat connectors 
three times by dipping in insulating varnish and baking. 

Assembling Coils and Cross-connections on Machine: 

For in(d.hod of insulating (ux)ss-{!onnections from ground see drawing. 
Unless the l,op and bottom portions of the armature coils or cross-connections 
ar(i substantially s(^i)arat(Hl, insulat(5 Ix^twcen the two layers of winding with 
spacing pi(u;(\s or strips of insulating inatcirial. See drawing for dimensions 
and location of this mat(Tial. 

Wh(^r<^ th(^ armatun^ coils are mnnected on the rear end, insulate joints 
heiwe<m tlunn and th<^ (ux)SH-connections or leads to coll^i(^to^ by taping with 
two lay<‘.rs of ().()()7 cotton tapts half-ov(irlappod. Brush the tai)o with 
varnish and allow 5 hours to air dry. 

Slot Insulation: 

Insp(H!t th(^ slots to SCO that tluiy have been properly filed, corners rounded 
and free from all dirt or iron fillings. Wind coils in 0.007, or heavier, fish¬ 
paper cells, wliie.h should extend to % in. beyond the iron at each end of 
tlu^ armature. Insert filling strips of treated fullerboard in the slots where 
necessary to make coils fit tight. Where these strips would exceed K lu. 
in thickness, substitute wood strips-treated. Unless otherwise shown on 
the drawings, place all filling strips depthwise at the bottom of the slot. 
Fold the fishpaper cells over the top coil and secure the coils in the slot with 
wedges made in accordance with drawings. 

Band Insulation (unless otherwise specified). —Band insulation up to and 
including in. in width is to consist of three thicknesses of 0.020 surgical 
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tape with one thickness of treated 0.016 rope cement paper sandwiched 
between. Apply a sufficient number of coats of shellac to fill the tape. 

Band insulation exceeding in. in width is to consist of one thickness of 
treated 0.030 fullerboard inclosed in a cell of 0.024 friction cloth. Insert 
one thickness of treated 0.030 fullerboard between the fricstion cloth and the 
wire band. Unless otherwise specified on drawings insulattJ Ixitween the 
bands over the commutator cross-connections or (joils (when tlie coils are 
banded down to the cross-connections) with sufficient thickneHses of troate<l 
fullerboard inclosed in 0.024 friction cloth coil to fill the spa<Mi. 

Insulate segmental bands with throe thicknesses of tn^itod (),03() fuller¬ 
board. Butt and break the joints and allow hi in. space at all joints for 
compression. 

L^s to Collectors .—Insulate leacis to collector when made of <!oppor strap 
and all joints between armature winding and (iross-connections l»y first 
brushing with shellac. Wrap leads where supportcul by nmtal <fieats with 
three and one-half or more turns of fishpaper and mica. Apply two lay<‘rH 
of 0.007 cotton tape, half overlapping. S(%w 1ooh(% emds of tap<« with strong 
thread. Brush the first taping with insulating varnish. Apply coats of 
insulating varnish over the outside taping to thoroughly fill the tap(^ 

Where coils or cross-connections are roped together or to wood or nu'tal 
blocks or cleats, brush with shellac. 

Finish all exposed portions of winding by painting with slndlac. 

The foregoing is a typical insulation spocufication for a (iOO-volt 
machine. For lower voltages, the slot portion of t\\i\ insuliition 
is kept the same, but on the end portions, cotton tap<^ may Ix^ 



2 Tums 



8 Tuens 


4 Turns 


Fiq. 40.—Method of interweaving wrapper to iiwuliite coriliKUouH iurns in a 

urnuiiuro <!oil. 


substituted for the mica tape. For higher voltages, mica tape 
is used on the end portions, practically as above apocifuid hut tlic 
mica wrapper is increased from two and one-half, to throe and one- 
half or four and one-half or more turns. For marine a(»rvic(i or for 
special heavy-duty service, such as steel mills, the; number of 
dipping and baking treatments may be increased to as many as 
five on individual coil ends and, in addition several special dipping 
and baking treatments may be applied to the completely assem¬ 
bled armature and field. 
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Figure 40 indicates the method of weaving the wrapper in 
between the individual turns when there are two, three, or four 
turns side by side in the slot. 

43. Insulation Thickness.—The following table gives the 
thickness of the insulation used by one of the large manufactur¬ 
ing companies on the slot portion of D.-C. armature coils in their 
standard product. 


Voi/rH 
0" 600 
500- 800 
800-1500 
1500-:t00() 


Insulation Tbxcxnbss 
TO Ground, Inchos 

0.045 

0.058 

0.065 

0.076 


44. Field-coil Insulation.—Two examples of field coil-insula¬ 
tion are shown in Fig. 41. Diagram A shows an example of a 



coil which is carried in a cardi)oard spool while diagram B shows 
on example of a coil which is carried in an insulated metal 
spool. In both cases the coils, after being wound in the spool and 
taped up, are baked in a vacuum and then impregnated with 
compound. This compound is a better insulator than the air 
which it replaces, it is also a better conductor of heat. 

Figure 42 shows the type of coil which is used to a large extent 
on machines the armature diameter of which is greater than 20 
in. The shunt coils are made of d.c.c. wire, wound in layers; 
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the individual shunt coils are 1 in. thick and are separated by 
ventilating spaces % in. wide. The insulation is carried out 
entirely by wooden spacing blocks so that there is a large radi¬ 
ating surface, and also little insulation to keep in the heat. The 




Fig. 42. —Vontilated field coiIh: 


coils are made self-supporting by being impregnated with a 
solid compound at about 120° CJ. witn a 

individual turns of the sericss (..il when 

Td half 7''^ T1 "■”**"^* i"- ''‘ick 

and half lapped; this coil, when made of strip copper as shown is 

no impregnated but is dipped in finishing varnisli. 








CHAPTER V 

THE MAGNETIC CIRCUIT 


46. The Magnetic Path.—Figure 43 fjhows two poles of a multi¬ 
polar D.-C. generator, each pole of which has an exciting coil of 
Tf turns through which a current 1; flows. Due to this excita¬ 
tion a magnetic flux is produced and the mean path of this flux 
is shown by the dotted lines. This magnetic flux consists of 
two parts, one, </>„, which crosses the air-gap and is therefore cut 
by the armature conductors, and the other, which does not 
cross the air-gap and is called the leakage flux. 



o'' 

/ 


Fig. 43.—''Fho pniliH of Mi(‘ nmin jind of tlu‘ leakapjo fliixos. 


46. The Leakage Factor.-~Tlie total flux which passes thj'ough 

the yoke and (^ritcM’s the pole = = <?!>a -f </>,. and the ratio 

is called the leakage factor and is greater than 1. 

<Pa 

47. The Magnetic Areas.—The meanings of the symbols used 
in this arti(‘Je will be understood by reference to Fig. 43. 

Da = the external diameter of the armature. 
p == the number of poles. 

T = the pole pitch = 

rp = the per cent enclosure of the pole = 

Lc = the axial length of the armature core. 

45 
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m •= the number of vent ducta in the center of the core. 

» * the width of each vent duct. 

Lg « the gross length of the iron in the core -> Le — m». 

L* = the net length of the iron in the core =» O.QLg; it is less 
than Lg by the amount of the insulation between 
laminations. 

N = the total number of slots in the armature. 

X the slot pitch. 
s = the slot width. 
t * the tooth width. 
d = the depth of the slot. 

da = the depth of the armature core below the slot. 

Wp = the pole waist. 


Lp = the axial length of the pole. 



Fia. 44.—Distribution of flux in tho air-gap. 

Then: 

Ag = the apparent gap area per pole = 

Aag = the actual gap area per pole == wheref/isa e<)u.st.:iiit 

greater than 1, called tho (\artor coefTiclient. This 
constant takes into account tho effect of the slots in 
reducing the effective air-gap area. 

At = the tooth area per pole = ip c>nly those t(^oth 

which are under the poles arc effective. 

Ac the area of the armature core = daLn- 
Ap = the pole area = WpLp when the pole is solid; when 
built up of laminations the pole area = (Wpljp X 
const.) where the const, is a stacking factor and 
= 0.95 approximately. 

Ay the yoke area. 





IT 


48. The Carter CoeflOLcient.^—^Figure 44 shows the path of the 
magnetic flux across the air gap. If it were not for the armature 
slots and vent ducts the air-gap area per pole would be 



Fig. 45.—The Carter fringing constant. 


which is called the apparent gap area. The actual gap area per 
pole = where Fig. 44, is the Carter coefficient. 




_ 

C 




<—33 

I 


■III 

1 


-e—14^ 



Slots -180-0.4x1.66 
Coils - 360 

Winding-1 Turn, Mult. 

Poles -lO 
Kw -550 

Volts, No Load - 260 
Volts, FuU Load - 260 
RPM,-260 

Fig. 46.—Cross section of a 550 kw., 250 r.p.m., 250 volt D,-C. generator. 

X — t + Js where / depends on the slot width s and on the air- 
gap thickness 3, and is got from Fig. 45 for different values of the 

ratio I; then C, the Carter coefficient = ~ = . 

5 ' ' X t + fs 

^Elec World and Engineer^ Nov. 30, 1901. 
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It is required to find the value of the Carter coefiioient for the 
machine drawn to scale in Fig. 46. 
s == 0.40 in. 
t = 0.472 in. 

S =» 0.20 in. 


8 

8 


= 2.0 


/ = 0.73 from Pig. 45. 
0.472 + 0.4 

^ “ 0.472 + 0.73 X 0.4 


1.14 


There is a small amount of fringing at the pole tips which 
tends to increase the air-gap area, but its effect is counter¬ 
balanced by the fact that at the pole tips, 8, the thickness of the 
air gap is increased. 

The Carter coefficient for the vent ducts can bo found inthci 
same way as for the slots, but since its value is nearly always = 1 
the calculation is seldom made. 

49. The Flux Densities.—The flux in the dilTeKmt parts of tluf 
magnetic circuit is shown in P'ig. 43, then: 


B, = the apparent flux density in the air-gap == j“- 

Bag — the actual flux density in the air ji;ap = T/?,,. 

Bi = the apparent flux density in the teeth = 

Be = the flux density in the arnaature core « 

Bp = the flux density in the pole ~ —• 

Ap 

By « the flux density in the yoke = ^ • 

The flux density in the teeth at normal voltage is gcuiorally 
about 140,000 lines per square inch, and at such (hmsitic^s the 
permeability of the iron in the teeth bccomos coinpariihhi with 
that of air, so that a considerable amount of flux passes down the 
slots-, vent ducts, and the air spaces between the laminations. 
If the assumption is made that the teeth have no taper, and that 
the lines of force are parallel both in the teeth and in the air 
paths, and if 

Bat = the actual flux density in the teeth. 

Bs = the flux density in the air path consisting of the slots, 
vent ducts, and air spaces between laminations. 
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Bi <= tho apparent flux density in the teeth, then 

®= the total flux per pole entering the armature = BtAt, 

= BaiAf + BfA,, where A, is the area of the air path per 
pole; therefore 

Bt = Bat + B,(^- 

For a given number of ampere-turns between the two ends of the 
slot, assuming tho slot to be 1 in. deep, 

B, = 3.2 (ampore-tums); formula 1 , page 6 . 


ITOxIO* 



Fid. 47.—MaKnetizution curves. 


Bat = the value of flux density corresponding to the given 
number of ampere turns, found from Fig. 47. 

Bi, corresponding to the given number of ampere-turns, is found 
by substitution in the above formula. 

The relation between Bt and Bat is plotted in Fig. 48 for 

different values of the ratio ^ and for the magnetization eftrve 

in Fig. 47, the assumption being made that I/„ = 0.8 L.. For 
example, suppose that in a particular case the width of tooth is 
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equal to that of the slot so that ^ — 2, that the ratio j?" = 0.8, 

and that the actual flux density in the tooth is HJ(),()()0 lines per 
square inch. Then the ampere-turns necessary to send this 
flux through 1 in. of the tooth is 22r)0, from Fig. 47; the flux 
density in the air path due to 2250 ampere-turns is 8.2 X 2260 “■ 
7200 lines per square inch, sec formula 1, page 0, and 

Bt = 160,000 + 7200^^ X = 2< 

= 170,800 lines per s(iuare inch. 



60. Calculation of the No-load Saturation Curve. -It is 
required to find the number of ampere-turns nec<'.ss!iry <,o send a 
certain flux across the air-gap of the machine shown in h'ig. 
43. 

The m.m.f. between points a and b is Tflf ampere-turns an<i 
this must be equal to'ATy + ATp AT„ ATt + AT^, wiiero 
AT^ is the ampere-turns necessary to send tiio flux }i4>m 
through the length ly of the yoke. The vahus of By is known 
and the corresponding number of ampere-turns rociuired for 
ea^ inch of the yoke path is found from Fig. 47. This valu(» of 
QiO^^re-tums per inch multiplied by the length ly gives the value 

oiATy. 

.dT, is the ampere-turns necessary to send the flux through 
the length 4> of the pole and is found in a similar manner. 
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ATg is the ampere-tums necessary to send the flux across 
one air-gap. To find this value it is necessary to find first of all 
the value of C, the Carter coeflicient and then the actual flux 
density in the air-gap, namely Bag = CB,. 


Bag lines per square inch = 3.2 


ATg 

8 


(3) 


where 8 is the aiivgap thickness in inches. 

ATt is the ampere-tums nece^ary to send the flux 0a through 
the length d of the tooth. The value of Bi, the apparent tooth 



Kkj. 40. --MjiKnotizjitioii curves for shoot stool. 


density, is readily found, and the value of But, the actual flux 
density, can be found by the use of the curves in I'ig. 18. The 
value of ampere-turns per inch corresponding to this actual 
density can then be taken from Fig. 47. This latter quantity 
when multiplied by d gives the value of A Tf 
When the teeth are tapered as shown in Fig. 49, so that the 
flux density is not uniform through the total depth of the to(j^h, 
the problem becomes more difficult. It is necessary to divide 
the tooth length d into a number of small parts, find the average 
flux density in each of these parts and the corresponding value 
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of ampere-tums per inch; the average value of these latter 
quantities multiplied by d gives the value of ATt. This process 
is slow, but in Pig. 49 is plotted a series of curves whereby, if the 
actual flux density at the top and bottom of the tooth is known, 
the average ampere-turns per inch can bo found directly. 

ATe is the ampere-turns necessary to send the flux 
through the length of the core and is found by the use of the 
curves in Fig. 47. 


Example ,—Figure 40 hIiowh ti tlimriUHionotl Hktitch of h ton-j)oh% 550 kw., 
250-volt, 250*r.p.m. generator; it Ls rociuiroO to <lniw Mu* no-lf)n<i Mnturution 
curve for this inachino. 


E 


Therefore 


The magnetic areaH: 
r = the polo pitch 


Z 4>tk 


r.p.m. poloH 


10 ** voltH. 




00 putliH 
250 X 00 X 10 X lO' 

720 X 250 X 10 

= 8.05 X 1()« at 250 volts, no-load. 


X 50 
■'10 ' 


=== 15.7 in. 


^ « the per cent poU^ (uicloauro 
Lf! « the grofia iron 
Ln = the net iron 
X = the slot pitch 

t * the tooth width 

Ag ^ the apparent, gap area 
C = the Carter coeffici(mt 
At » the minimum tooth area p(5r 
polo 

Ac « the core^rea 
Ap =a the pole area 
^ Ay « the yoke area 
The flux per polo: 

<f>a = the useful flux per pole 
If =s the leakage factor 
4>m = the total flux per pole 
The flux densities: 

Bg « the apparent gap density 
Bt « the apparent tooth density 
Bat ^ the actual tooth density 
% 

Be « the core density 
Bp = the pole density 
By ■« the yoke density 


= 05 jMir cent. 

= 12.5 in. 

« 11.25 in. 

=» 0.872 .in. at top of slot. 

*= 0.82 in. at bottom of slot. 

« 0.472 in. at top. 

= 0.42 in. at bottom. 

== 0.65 X 15.7 X 14. « 148 wj. in. 

= 1.14 from Art. 48, pag<j 47. 

= 0.65 X X 0.42 X 11.25 
~ 55 sq. in. 

=s 4.2 X 11.25 - 17.2 sfj. in. 

= 0.95 X 7.75 X 18.5 - 99.4 .s(|. in. 
=5 61.5 H(|. in. 

= 8.85 X 10“ 

= I.IS (H(*e pag<i 54). 

= 9.85 X lO** 

= 58,500 lines per squar<* iiu?h. 
« 152,()()() liii<*H persfiu/in* inch. 
= 145,000 lin<‘s per H(|im,re inch, 
(from Ki«>:. 48). 

= 88,500 lines per squares inch. 
« 99,000 lines per square, inch ^ 
=* 80,000 lines j)er square in(?h. 
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The magnetic circuit lengths (see Fig. 46): 


S = air-gap clearance =» 0.2 in. 

d — depth of slot « 1.55 in. 

le = length of core circuit *= 5.75 in. 

Ip = length of pole circuit « 9 in. 

ly — length of yoke circuit * 9.5 in. 

The excitation: 


A.T.g = the gap ampere-turns = 
A.T.i = the tooth ampere-turns 


1.14 X 58,500 X 0.2 
3.2 

= 1080 X 1.55 

Use curves in Fig. 49 with a tooth taper of 
145,000 liner per square inch. 

T,e *= the core ampere-turns « X 27 X 5.75 
T.p » the pole ampere-turns = 76.5 X 9 


A. 

A. 

A.T.y = the yoke ampere-turns = 30.5 X 9.5 


4240. 

« 1680. 

125 and a flux density of 

= 155. 

« 690. 

= 290. 


Total ampere-turns for 250 volts at no-load = 7055. 



Fig. 60.—No load Buturiition Piirve of a 550 kw., 250 volt, 250 r.p.m., D.-C. 

generator. 

In the above calculation two factors have been omitted which 
would cause the excitation to be slightly larger than that cal¬ 
culated, namely, the excitation required to send the flux across 
the joint between the pole and the yoke, and also the extra 
excitation required for the yoke due to the fact that, near the 
contact surface between the pole and the yoke, the yoke density 
is high, being equal to that of the pole. 
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Two other points at difforent volta^os are figunul out and the 
results are tabulated as shown in the following table: 


No-load voltagi'. 

200 

250 

:)oo 


0.7 X 10« 

K.»5 X 10« 

HI X I0« 
I.IH 

Loakaffo factor.. 

l.is 1 

1.18 1 


1 

1 

1 

1 

1 



licntcth 

Am a 

DcHHity 

.1.7'. 

1 

DcnHityj 

1 .4.7'. 

Dcimityl 

A.r, 

Air-gap. 

0.2 

US 

40,K(M) 

122.(HH)' 
iiK.om 

:i.4oo 

5K.500 

152.000 

4.240 

70.000 

182,000 

108.(HK1 

5.100 


i.nn 

1.15 

55 



aiu) 

145,(K)0 

l.OHO 

H.lOO 





;i,7«o 


r>,020 

1.55 


8.200 

7.51) 

Coro. 

5.7.') 

47.2 

71.000 

00 

SK..500 

100.000 
110.000 

Polo. 

0.00 

00.4 

70.0(M) 

140 

00.000 

000 

2,070 

551) 

Yoke. 

0.5 

(U.5 

04.0(K) 

100 

80,000 

200 

1 

00,000 


Total aniportvturnH p(*r p<»li' 



4,120 


7,0.Vt 


12,170 


From these fi^^ures the no-load saturation (airv(^ in Fig. 50 is 
plotted. 

61. Calculation of the Leakage Factor.’ l^'igure 51 shows pari, 
of a machine which has a large number of poles. Th<» t.ot,!iI 
leakage flux per polo « <t>„ == <t>fi + <l >^2 + wht^n^ 

0<,i = the leakage flux in paths 1, between the inner fa(t(*s of 
the pole shoes, 

<l>e 2 = the leakages flux in paths 2, between the flanks of tlu* 
pole shoes. 

= the leakage flux in paths 3, between the inmu* fac(\s of tlu' 
poles. 

== the leakage flux in paths 4, between the flanks of t.h(‘ 
poles. 


' The calculations of leakage factor given in this section tjik(* no cogiiizanci* 
of the presence of commutating poles, sueh are of almost univc'rsal applica¬ 
tion in modern D.-G. machinery. The presence of tlu'sti commutat ing poh's 
makes practically no modifidation of tlu^ w^sults arriv(*<l at. in this section, 
provided the influence of commutating i)oIe in n‘<Iiicing th<^ length of the 
path for the leakage flux is taken into eonsi<k!ration. v\t no load Cm.in.f. 
on commutating pole = 0), it is cjuite obvious that this is the (^ase. lTn<I<‘r 
load, with an appreciable rn.m.f. in the commutating poh^, whihj tlie haikagts 
on one side of main pole is very considorahly increased, tliat on the oth<‘r 
side is correspondingly decreased so that the total leakages does not difh^r 
materially from what would occur without the commutating pole. 
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The m.m.f. across paths 1 and 2 = 2(ATg + ATt + AT<.) 

= sincecan be 

neglected; therefore, the flux across one path 1 

= 3.2 X 2(ATg+i) from formula 1, page 6; 
n 

= 6.4 X (AT,+d ^ 

and = ISCATj+s) since there are two paths 1, per pole. 

h 
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The across the paths 3 and 4 varies from ztsro at the 

bottom of the poles to 2{AT„^t) at the shoo, and the average 
value is taken as ATg+i ami>ero-turns, so that 

Ljli^ 


and 


=® d.5(AT„+t) 

4>>i = 9.5(/lT„+j)A;. login 


+ 


rWA 
2ln ) 


Given the complete data on a magnotio circuit, the valu(^ of 
the ampere-turns to send the flux across oik^ gap and 
tooth, can be found, and then the value? of <t>„ = 0^ + 0,.a + 0,.*, *f 
0 tf 4 can be obtained by substitution in th(? abov<? forinuhe. 

it + 0#- 
0<l 

It is required to find the l(^akag<? faot^>r for th(‘ nuielune showii in Fig. 4<i. 
K - 1.5 in. 

L, « 13.5 in. 

Zi * 5.5 in. 

W. « 10.2 in. 


The leakage factor 


hp «= 7.5 in. 
Lp “ 13.5 in. 
h = 11.25 in. 
Wp = 7.75 in. 


then <^<ii = 13(.'1.7’^ 

<^08 = 10M.7’.(,^./)l.r)logn, 


./I3.r) X 1.5\ 

-Kr> -) 


/, xX 10 . 2 \ 

\ ^ 2 x r>.r>J 


= -WM//',,,) 

= r,nMA.r.,„). 


u . <• r/A rr X 7.rA 

^ai “ 6.6(A./ ..I i)l 112;) ) 

and the total leakage flux p(*r pole = 14(>(4l.7'.„ 

The value of A,7\y+t (from the table in Art. 50). 

= 5920 ampere-turns, 
therefore <l>c = 5920 X 140 = 805,000 

and 0a, the flux per pole that crosses th(» air-gap = <S..35 X 1 O'*, 
therefore the leakage factor = >< 


I Ar(. M.) 

1 . 1 . 


For a first approximation the following valtuis of the leakagci 
factor may be used: 

Four-pole machines up to lO-in. armature dianufter 1.25 
Multipolar machines between 10- and 3()-in. dianuitiu- 1.2 
between 30- and 00-in. diameter l.IK 

greater than OO-in. diameter 1.15 

These values apply to the type of machine shown in Figs. 29, 30, 
and 31. 
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ARMATURE REACTION 


52. Armature Reaction. —The effect of armature reaction is 
not materially influenced by the presence of the commutating 
pole. Our initial analysis will therefore be made on the non¬ 
commutating pole design. 

In Fig. 52, A shows the magnetic field that is produced in the 
air-gap of a two-pole machine by the m.m.f. of the main exciting 
coils. 

B shows the armature carrying current and the magnetic field 
produced thereby when the brushes are in the neutral position 
and the main field is not excited. The m.m.f. between a and 
5, called the cross-magnetizing ampere-turns per pair of poles, 
duo to the current Ic in each of the Z conductors 
ampere-turns, and that between c and d and also that between g 
and h = } 2 \pZIc ampere-turns. Half of this latter m.m.f. acts 
across the path ce and the other half across the path fd since the 
reluctances of the paths cf and cd are so low that they may be 
neglected. Therefore, the cross-magnetizing effect at each pole 


1 Z 

ti}) = \p Ic for any niiinber of poles. 
z p 


(4) 


C shows the resultant magnetic field when, as under operating 
conditions, both the main and the armature m.in.fs. exist 
togetlKM*. The flux density, compared with the value shown at 
A, is increased at the tips d and g and decreased at the pole tips 
c and Jl 

A convenient method of showing the flux distribution in the 
air-gap is shown in diagrams D, E and F, Fig. 52, which are 
ol)tained by assuming that the diagrams A, B and C are split 
at xy and opened out on to a plane, and that the flux density at 
the different points is plotted vertically. 

D shows the flux distribution due to the main m.m.f. acting 
alone. 

E shows the flux distribution due to the armature m.m.f. 
acting alone. 
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F shows the resultant distribution when both tho main and the 
armature m.m.fs. exist together and is obtained by adding 
the ordinates of curves D and E. It is permissible to add these 
ordinates of flux density togetluir provided that th(* paths df and 
gk do not in the meantime become highly saturaUsl. 'riieso 
paths, liowcvcr, include tho gap and t(!<d.h, and tluf flux dcmsity 



in the teeth due to the main field is abt)ut 140,000 lin<!s per 
square inch at normal voltage, TVhich is well above the point of 
saturation, so that an increase in m.m.f., such as that at / diu^ 
to the armatiire m.m.f., will produce an increase in flux density at 
pole tip / of only a small amount; while a decrease in m.m.f. of 
the same value at pole tip e will produce a decrease in flux density 
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at that pole tip of a much larger amount; thus the total flux per 
pole will be decreased. 

It is usual to consider the effect of armature reaction as being 
due to a number of lines of force acting in the direction shown 
in diagram B, Fig. 52, and this diagram shows that the same 
number of lines is added at the one pole tip as is subtracted at the 
other pole tip. A truer representation is that shown in Fig. 63. 

Since the lines of force of armature reaction meet a high reluc¬ 
tance at d some of them take the easier path through hmc. 
These latter lines are in the opposite direction to those of the 
main field and are, therefore, demagnetizing. 



Fkj. 53.—DoniaKiiotizinK oMoct of armature roantion with the brushes at the 

noutnil point. 


63. Distribution of Flux in the Air-gap at Full Load.^—Figure 
54 is part of the dcvclopraent of a multipolar machine with p 
poles, and curve D shows the flux distribution in the air-gap due 
to the main m.m.f. acting alone. The armature m.m.fs. across 


df and cc each 


2 ^ 2 )' 


ampere-turns and curve Q shows the 


distribution of the armature m.m.f. 


Curve 1, Fig. 55, is the no-load saturation curve of the machine 
and curve 2 is that part of this saturation curve for the tooth. 


1 The method adopted in this article, is a slight modification of that pro¬ 
posed by S. P. Thompson, Chap. XVII, '‘Dynamo Electric Machinery*’' 
Vol. I 
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gap and pole face, so that if oy is tho arnporo-turtw [jor polo 
required to send the no-load flux through tho »iagn<*ti(! circuit 

10 



Fi<j. Kliix nt full-ljuid. 



of the machine then ox is that necessary to sc^nd this same fiux 
through the length of one gap, one tooth and one pole face. 
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Across np, Fig. 64, the at full-load is the same as at 

ao-load and therefore the flux density in the air-gap at n is 
inchanged. 

Across df the m.m.f. at full-load is no longer ox, Fig. 65, but 


= 0 * 1 , where xxi = = the m.m.f. across df due to the 

irmature; therefore the flux density in the air-gap at d at 

ull-load is increased over its value at no-load in the ratio — > 

sx 


?ig. 55, and is so plotted at dw, Fig. 54. 

Across ce the m.m.f. at full-load is no longer ox, Fig. 55, but 


1 z 

= ox 2 j where XX 2 == and therefore the flux density in 

J p 

ihe air-gap at c at full-load is less than that at no-load in the 


'atio —Fig. 55, and is so plotted at cz, Fig. 54. 
sx 



lY i 

Fid. f)G. Fig. 57. 

DoniasnotizniK unci croHs niaisncliziiiK offoot of the jirniiitiire. 


Thus, in -h'ig. 54, curve D shows the distribution of the flux in 
ihe air-giip at no-load and curve F that at full-load. The total 
lux iier poUi is loss at f ull-load than at no-load in the ratio of the 
iroa enclosed by curve F to that enclosed by curve D, which 

ratio is practically the same as area 

64. Armature Reaction When the Brushes Are Shifted.—In 
non-commutating polo machines, it is necessary to shift the 
brushes in order to secure good commutation. This shift of 
brush position has an effect upon armature reaction that may be 
analyzed as follows: Figure 56 shows the armature carrying 
current and the magnetic field produced thereby when the 
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brushes are shifted through an angle 9 so as to improve the com¬ 
mutation. The armature field is no longer at right angles to the 
main field and the easiest way in which to (ionsider its effect is 
to assume that it is the resultant of two components, one in the 
direction OY which is called the cross-magnetizing component, 
the effect of which has already been discussed, and another in 
the direction OX which is callc<l the degmanetizing component 
because it is directly opposed to the main fi<dd. Figure !t7 shows 
the armature divided up so as to prodmie these? two compon(?nts, 
and it will be seen that the demagnetizing ampoi'e-turns jwr pair 



X 


29 

IKO 


or the demagnetizing ampere-turns per polo 


I 

2p 


XL X 


20 

m 


(r>) 


The angle 0 for preliminary calculations is usually taken as IS 

20 

electrical degrees so that , = 0.2. 

lol) 

66. The Full-load Saturation Curve.—It iw ro<iuir(Ml to draw 
this curve for the machine which is drawn to scale in Ki 
and to which the following data applies: 


Ilating: 550 kw., 250 volts, 2200 arnpe^n's, 250 r.i),ni. 

Poles. 10. 

Coils. 

Winding.turn, multiple. 

Total conductors. 720. 

Current per conductor. 220. 

Per cent pole enclosure. (>5. 

Volts drop at full-load across armature and l>ruHh 
contacts. = 8.2. 


720 X 220 

Armature ampore-turns por pole = - n S m - 

2 X m) 

Cross-magnetizingamperc-turns at each polo tip « ^ ^ X X 0.05 X 220) 

- 5ir»0. 

The ampere-turns per pole for gap 4* tooth = 5020. 

The ampere-turns at one pole tip *= 5020 4- 5150 = 11,070. 

The ampere-turns at the other pole tip = 5020 - 5150 ~ 770. 

The flux crossing the air-gap is reduced in the ratio ^**'^*'*^ 5^^ and. 

due to this reduction in flux, the voltage generated is reduced from 260 to 
236 volts. 
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The terminal voltage is less than the generated voltage of 236 by the 
amount of the voltage drops through the armature, brushes, commutating 
pole winding and series field winding. 

These voltage drops are as follows: 


Armature. 

Brush. 

Commutating pole winding 

Series field. 

Total voltage drop. 


6 . 2 . 

2 . 

1.78. 

1.78 (assumed). 
11.76 volts. 



Ampcru Turns per i’olo 


I Hi. TjiS.-- Sill unit ion ciirvi’s of ti .WO kw., 250 volt, 2>0 r.p.m., D.-C. geuioraio.'. 


Hinc(^ ih(! dcsigii of tlio sesrios field depends on the full-load saturation 
< 5 urv<j, it is ne(5(‘ss{iry that the volts drop through the series field winding 
b(‘ estimat(ul. As a general rule this drop can be taken equal to the volts 
dro]) through the commutating pole winding. 

Figure 58 shows the saturation curves at no-load for gap and 
teeth (Curve 2), the saturation curve including the entire mag- 
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netic circuit (Curve 3), and the full-load saturation curve 
(Curve 4), taking into account all I. 11. drops as well as the 
voltage drop due to distortion of the magnetic field. 

To obtain the same voltage at full-load as at no-load, an 
additional m.m.f. must be secured under loiwl and the value of 
this additional m.m.f. is indicated in Fig. fiS. 'Phese additional 
ampere-turns are obtained by a series field winding and in the 
case shown in Fig. 58, the value of these seritw amiK*re-turns at 
full load is approxirnatcily 20 per cent of tlw! amp(<nvturns to 
obtain normal voltage at no-load. 

In order to got the same flux across thi» air-gap at full-load as 
at no-load the field excitation has to be in(!r(ias(‘d over its no-load 
value so as to counteract the effect of the m.m.f. of the armatun*. 
Due to this increase in excitation the h^akuge flux is inentjwcul, 
so that the leakage factor is gn^ater at full-load that at no-load, 
and still more excitation is re<iuircal on acscount of t he resulting 
increase in the pole and yok<» (hmsiticis. This laf.ter iiier(*as(* in 
excitation, however, cannot readily he (salc.ulaUal. 

66. Field Distribution in Typical Commutating Pole Machine. 
Figure 59 shows the component and nwultant nyignef.ie fluxes 
in a typical commutating pole machine. In this ma<‘hine, t.hi' 
main pole enclo.sure is (1(1.7 per cent of the pole pi(.(d» !in(l (lu^ 
commutating pole enclosure, 11.1 per cent of poh' pibdi, hxiving 
11.1 per cent of polo pitch for the air-gaps on eithcir sid<' of (Ik; 
commutating polo. The main air-gap is 0.2.5 in. and the com¬ 
mutating pole air-gap 0.15 in. 'Phe conditions shown in h’ig. 
59 are for an excitation of the main poh^ of (1H20 ampcire-turns; 
for the commutating polo, of 5180 anqxin^-turns; and for (.he 
armature (maximum value) of .5020 ampere-turns. In h'ig. .50, 
curve a shows the magnetic flux that will pass acn-oss tlu^ air gap, 
due to the action of the fields alone (both main and c(»mmuta.ting 
pole)—the field ra.m.fs. being the values given above. In arriv¬ 
ing at this curve, the reluctance in various portions of the gap 
is not assumed uniform but to be of the value that would ob(.ain 
when taking into aecount the tooth saturation du(f (,o the passag(‘ 
of the resultant flux c. At polo tip d the main field m.m.f. 
and the armature cross-magnetizing m.m.f. are addi(,ive, resulting 
in a total m.m.f. of 6820 ampere-turns (for main field) -flillld 
ampere-turns (due to armature). The figure 334(1 is two-thirds 
of the maximum armature ampere-turns and is the value of the 
armature reaction at pole tip d since pole enclosure is two-thirds 
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of the pole pitch. Hence, a total of 10,166 ampere-tums is active 
at pole tip d to push the flu3£ across the air-gap and teeth. At 
pole tip e, on the the other hand, armature reaction is opposing 
the main field and the total m.m.f. is 6820 — 3346 = 3474 ampere- 
tums to push flux across the gap and teeth at this edge of the pole. 
At intermediate points, it is obvious that intermediate values of 
m.m.f. will be available. The higher value of m.m.f. at pole 
tip d as compared, with pole tip e (ratio of nearly 3 to 1 in the case 
assumed) results in much higher flux densities at d compared to 
e and the resulting saturation of teeth giyes rise to variation in 
height of curve a across the pole face. The same effect is taken 







N 


N 


S 



Flux produced by main field—including commutating pole 
m.m.i.-acting alone. 

Flux produced by armature reaction acting alone 
O — Resultant flux. 

Fid. 50.—Miigriotic. fluxes in a eommulaliiiK polo D.-CJ. niaehino. 

into con.sidoration in arriving at curve b —the flux produced by 
the armature reaction acting alone. 

Since the variation in reluctance is thus taken into account in 
arriving at the two component curves a and b, the resultant curve 
c may be obtained at once by adding a and h. 

67. Relative Strength of Field and Armature M.M.Fs.—In¬ 
spection of Fig. 54 will show that if the armature current be 
increased to such a value that the cross-magnetizing ampere- 

1 z 

turns of the armature at the pole tips, namely ampere- 
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turns, becomes equal to the araper-turns for the tooth and Rap 
due to the main field excitation, then the flux density will Ikj 
zero under the leading* polo tip. Since non-commutating i)olo 
machines depend upon the fringe of magnetic flux under the 
leading pole tip for securing satisfactory commutation, it is 
obvious that there is a more or less definite limit that may be 


* J 

permitted for the quantity as compared to the total ainpcn;- 

z p 

turns of the main field. Experience with non-cominutating polo 
machines has shown that to secure satisfactory cominutatiuK 
conditions, the m.m.f. of the main field should ncsver become less 
than 1.7 the m.rn.f. of the armature reaction at the pole tip. 
Since the pole enclosure (^) on this typo of machine (laimot 
exceed about 0.7 pole pitch, it follows that the ratio 

ampere-turns per pole of main field for and tooth 
armature ampere-turns per polo at full load 


(fi) 


should not bo loss than 1.7 X ^ = 1.7 X 0.7 « 1.2. 

This is the limit that is fi.xod by commutating conditions for 
the non-commutating polo type of machine. 

However, non-commutating pole machines are no longi^r 
manufactured for the reason that commutating pohis iritr()<lii(^(^ 
such large economies in material that the non-(?ominutating typ(^ 
cannot compete; so that the above relation is only of a(^n.d(Miii(i 
interest. The reason for the greater economic^s in tli(^ commu¬ 
tating polo type is not far to seek. It is obvious tluit the oui.put 
of any machine is fixed by the limiting nurnlxu- of ainp(M-(‘ (fondm^- 
tors on the armature. The commutating limit that vv(^ ha.v(' just 
discussed fixes this limit at not greater than S.S per (xmt of tlu' 
field ampere-turns per pole. The commutating poh^ r(‘mov(\s 
this limit and permits us to increase the armature amp<M-(>-turns 
to the point where field distortion begins scu-iously to limit tlu^ 
useful flux that may be pushed through the armature. It is 


1 By “leading pole tip” ia meant the polo tip toward wliich tlio eoil un<l<*r 
commutation is traveling and toward which the bnwlmH n,r(^ whiff,cd in nvilvr 
to secure good commutation in the case of a non-commulating pole tjemrator. 
In case of a motor, it is the opposite or “trailing p()l(^ tip” tliat i,s w(»ak<‘n(*<l 
by armature reaction and toward which the hruHlu\s must lx; shift(xl to g<‘t 
good commutation. In other words, for non-commutating inachirajH, hruslu^H 
are shifted forward for a generator and backward for a motor —in both rases 
the shift being toward that pole tip which is being weaknod l)y armature 
reaction. 



ARMATURE REACTION 


67 


obvious that this limit begins at the point where the net m.m.f. 
under the weak pole tip reaches zero, i.e. where 

1 z 

= ampere-turns per pole of main field. (7) 

The pole enclosure 4^ of commutating pole machines is somewhat 
less than is available with the non-commutating pole type. 
Instead of 0.7 it must be reduced to not mucfi over 0.65. The 
additional interpolar space is necessary to give room for the com¬ 
mutating poles. If we go to the limit fixed by formula (7), 

,, ^. ampere-turns per pole for main field for gap + teeth ^ ^ 

the ratio —^—r- - —~—i-i—rfiii —t-= 0.65. 

armature ampere-turns per pole at full load 

We have seen above that this ratio for non-commutating 
pole machines = 1.2. If, therefore, we go to the limit on the 
commutating pole type of machine, we may expect to get some 
83 per cent more armature ampere-turns than in the non-com¬ 
mutating pole type. To go to the full limit indicated by formula 
(7) would be more than is dictated by good practice, but modern 
designs have increased the armature ampere-turns some 50 to 
60 per cent above practice with the non-commutating pole type. 
The greater economy in material so obtained is the reason for 
the disappearance of the non-comrnutating pole types. As a first 
approximation, the field m.m.f. of a commutating pole machine 
may be taken = .75 armature ampere turns. 
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DESIGN OF THE MAGNETIC CIRCmT 


The problem to be solved in this chapter is, j?iven the armature 
of a machine and also its ratinn, to design the poles, yoke, and 
field coils. 

68. Field-coil Heating.—Figure (10 shows one of the ih)1(‘s of a 
typical D.-(l. imwihine with its field coil. The e,\(!itij)g current 
If passes through this coil and gradually raises its temperature 
until the point is n^ached where tht! rate at which heat is dissi¬ 
pated by the coil is ctjual to the rat(i at which it is g(UHM'abal in 
the coil. 

The hottest part of the field coil will obviously lic! sonunvlatrc! 
botwe(m the surfaces ,1 and U for th(i oubir coil aiul b<d.w(‘en 



Fm. 0().--“CV()HH HiTlion of II typinil Fkj. 01. Temporaliiro variiilion ionido 
I).-C3. Hliuiit Hold u typical hIiuuI coil wimliiiK. 


C and D for the inner coil. This follows from th(^ (!onsi(h*rat.iori 
that the heat goraa-ated in the intta-ior of <,he (soils must 
be dissipated from the surfaces and tlua’c is luaa'ssarily a 
thermal drop from the interior to the dissipating surfac(>s. 
Figure 61 shows the temperature that might be exp(a!t<al in the 
interior of a field coil. The maximum interior tompitratun^ com¬ 
pared to the exterior surface will depend ujmn the depth of the 
coil as well as upon its thermal conductivity. 

The maximum temperature of the coil limits the amount of 
current that it can carry without injury, but this temperature is 
difficult to measure. The external temperature of the coil can 
be taken by means of a thermometer, an^ji the mean terapera- 

68 
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ture can be found by the increase in resistance of the coil, since 
the resistance of copper at any temperature t is given by the rela¬ 
tion Rt == i2e(l + 0.004t) where i2„ is the resistance at 0“ C. and 
t is in Centigrade degrees. 

It is found that the ratio between the maximum and the mean 
temperature seldom exceeds 1.2, while that between the mean 
and the external surface temperature varies from about 1.4 to 3. 
The latter figure is found in some of the early machines whose 
field coils were covered with tape and rope. When the coil is 
insulated, as shown in Fig. 41, the ratio of the mean temperature 
to that of the external surface will be approximately 1.4 if the 
external surface is left bare except for the d.c.c. on the wire, the 
whole coil impregnated with compound, and the coil about 
1in. thick; the compound is a better conductor of heat than the 
air which it replaces and is also a better insulator. If two layers 



0 2 4 6 8 10 

Speed of a!r across surface in, 
thousands of ft. per mliit 

Fid. 02.— Curve of energy loss uffuinst air velocity on si flat surfsiro. 


of half-lapped tape be put on the external surface of the coil 
the ratio will increase to about 1,G and if in addition a layer of 
cardboard 3 ig thick be put on the external surface, as w^as 
formerly done to protect the coil, the ratio will exceed 2. These 
are average figures and may vary considerably since they are 
affected by the fanning action of the ai-mature, the kind of 
compound used, the thickness of the insulation on the wire, the 
radiating power of the poles and yoke on which depends the 
radiating power of the surfaces B, C, and D. 

The heating constants for field coils are figured in many differ¬ 
ent ways, depending on what is taken for the radiating surface. 
While it is true that all the surfaces, A, B, C, Z), and E of Fig. 60, 
are active in radiating heat, yet they are not all equally effective, 
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and for that reason and also for oonvenwnuw*, the radiating 
surface is taken as the external surfac(5 A 00). 

Heat may escape from any hot body in thret! ways by 
conduction, by radiation, and by convection. ('Oiuhuttion is 
not present in electrical machinery in sufficient degns) to make it 
worth while to consider; its effect is negligible. Kor all pratttical 
purposes, the same is true of ra<liation; its efTcfct also may be 
neglected except at very low air velocities. (lonv<>ction is the 
only method of heat escape! that ikumI be s<!riously (ion-sidensl in 
electrical machinery. The spwMl of tlu! air relative! to tlu! surfact! 
has a marked effect on the rate of heat escape by convection. 
Figure 02 shows the approximate rate of luuit (!.scap(! with various 
air velocities. This curve tak(!s into account both radiation 
and convection but, as indicahwl abov(!, tlu* (*ff(!(!t of radiation 
is almost negligible. It accounts for a part (jM!rhaps 00 p(>r 
cent) of the heat that escapes at z<!r«) air v(!locity (h'ig. (52), and 
its effect is not influenced liy air v<!locity. 'I’Ik! cfh'ct of convec¬ 
tion increases very nearly in proportion to air veloiiity ns shown 
in Fig. 62. 



1 Single coil without vent, duct. 

2 Coil with one vent, duct,^Fig, 00) 

Fia. 63. Curve of oiierKy Iohh poriphonil v<*lociiy for HliunI fiold 

I'he cooling of electrical machinery (hipends, (.her<'f()r<!, <.o a 
marked degree on the velocity that the cooling air can b<! caused 
to circulate past the cooling surfaces. It is obvi<ais that this 
bears almost a direct relation to the jwripheral si«!cd of (,he 
armature in a D.-C. machine but is nec{is.sarily much less than 
the peripheral speed. Experience has shown that the valu(!s of 
heat dissipation for field coils, given in Fig. 62, arc approximately 
what may be expected with present-day designs of field coils and 
reasonably efficient blowers. 
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In appl3ring the values of heat dissipation, as given in Fig. 
63, only the external surface (surface A Fig. 60) is taken as a 
heat-dissipating surface. 

On account of the rapidly increasing internal temperature as 
the depth of coil increases, present-day practice rarely make 
this depth greater than 1)4 la- When necessary to put on addi¬ 
tional windings, the coil is wound in two or more sections, as 
shown in Fig. 60. 


69. The Size of Wire for Field Coils: 

If £// is the voltage across each field coil, 

1/ is the current in the coil, 

T/ is the number of turns in the coil, 

MT is the length of the mean turn of the coil in inches, 

M is the section of the wire used in circular mils, 

then the resistance of the coil = — = since the resist- 

// M 

ance of copper is approximately 1 ohm per circular mil per inch 
length, 

and M = (8) 
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SO that for a given machine the size of field wire is fixed as soon 
as the ampere-turns and the voltage per coil are known. 

60. The Length Lf of the Field Coil.—The watts radiated from 
the coil shown in Fig. 60 = external surface X watts per square 
inch. The total section of copper in the coil = df X Lf X sf 
scpiare inch, where sf, the space factor of the wire, is the section of 
the wire divided by the space that the wire takes up in the coil 
and is got from Fig, 64. 
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The section of the wire in the coil 


(IfLf X «/ 


s<i. in. 




rfy XX-/X-xfX 1,270,()(K) . , 

= - ■ ■ ^ m circular mils, 

J-s 

= M. 

MT X Tr 

The watts loss per coil = ^ X //*an(l, substitutinK for M, 

MTX T/* X //* 
df XLf X .'i/'X 1,270,(MM) 

The watts loss per coil also = external surface of <s)il X watts per 

Hciuarc inch. 

= external periphery of coil X /-/ X 
watts per sipiare incli. 

Therefore, eipiatinK these two vulu(>s ton('tli(‘r, 

mean turnX(7/7’/)* 

ext. peripheryXwatts per s((. iti.Xf//X.'i/X 1,270,000 
1 r _ 7 fTf I mean turn 

•'/ ]()()o\ext.peripheryXwattsperH(i.in.X'//X.'./X 1.27 ' 
In order to have an idea as to the value of L/ found from th(i 
above eiiuation assume the followitiK aveniKi* values: 

«/, the space factor = 0.0. 

d/, the coll dejith = 2.0 in. (two section-s, (‘Jicli 1 in.dei'i)). 

watts per stpiare inch = O.S. 

external periphery = 1.2 X mean (.urn. 

/ 7 ' 

then Lf, the radial lenglh of coil space, ' [ (apin-oxi- 

inatcly). 

61. Weight and Depth of Field Coils. 'Vlu- woiglH. of t.h(‘ 
coil == 0.32 X MT X Ij/ X (fj X lbs. whores 0.32 is \v<'ip;ht 
of it cubic inch of copper, 

mdL / nioan turn 

1000\ ext. peripliory X watts j)<a*s(|. in. X <1/ X X 1.27 

j a constijinti , • / , x 

= i/// / , (approxnnatcly), for a given machine, 

V <1/ 

therefore the weight of the. field coil 

= 0.32 X MT X I,T, X X d/ X «/. 

Vd; 

= a constant's/d/ for a given machine. 

This may be interpreted as follows: the larger the value of 
df, the shorter the length Lf, the smaller the radiating surface. 
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and, therefore, the lower the value of permissible loss per coil. 
Since the section of the field coil wire is fixed, because, as shown 
in Art. 59, it depends only on the ampere-turns and the voltage 
per coil, a lower permissible loss can only be obtained by a smaller 
value of If and therefore by a larger value of Tf and a more 
expensive coil. It would seem then that the thinner the field 
coil the cheaper the machine, but it must not be overlooked that, 
as the value of dj becomes less, and therefore the cost of the field 
copper decreases, the value of Lf increases and therefore the 
cost of the poles and yoke also increases. The value of d/ for 
minimum cost of field system must take this into account and 
can only be determined by trial. 

62. Procedure m the Design of the Field System for a Given 
Armature. 

( 1 ) Find the air-gap clearance as follows: 

ATg+i, the ampere-turns per pole for gap and teeth, 

= 0.75 (armature AT per pole). See Art. 57 
From the armature data, ATt, the ampere-turns per pole for the 
teeth, can be found: 

X (7 ^ 5 

ATg, the gap ainpore-turns, = ' " "3 2 " - formula ( 3 ), 

page 61, from which 5 can be found. 

(2) Draw the saturation curves. 

Ik^foro this can bo done it is necessary to determine approxi¬ 
mately the (liimmsions of the magnetic circuit, which is done as 
follows: 

It is assumed that the no-load excitation = 1.2r)(A7"j,+e), and 

.. , . no-loa<I ampere-turns, . ^ ^ 

tliat/^/ = (approximately), see Art. 60, page 

72. The series field coil is usually placed outside the shunt in 

modern machines (as indicated in Fig. 31) so that the pole length 

thus determined docs not have to be increased. 

The section of the pole is got by assuming that the pole density 

is 1 ()(),()()() lin(\s p(^r sejuare inch and that the leakage factor has 

the value given in the table on page 56; then the pole area in 

. , X If. 

square inches, = 

The yoke area is found in a similar way by assuming that the 
yoke density is 75,000 lines per square inch for cast steel and 
40,000 lines per square inch for cast iron. 
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The magnetic circuit may now be drawn in to hcuIo an<i the 
saturation curves determined; those may re<iniro a Hli^ht modi¬ 
fication as the work proceeds. 

(3) Design the shunt fieUi coil. 

Find the no-load excitation from tho saturation curvo. 

Find M the size of field-coil wire from the formula 


M *= (soo Art. 59, page 71). 

Hif 

„ .. ,, terminal voltage _ , 

Ef tho volts per coil, = - pol(»s ^ “ 

where k »■ 0.8 for compound gimerators; which leaves 20 i>er <!ent 
of tho terminal voltagis to be ahsorbiwl by th<» field 
circuit rheostat, so that the shunt <ix<!itation may be 
increased 20 jx'r cent ovi'r its normal value shouhl 
that be desired at any time, 
k = 1.0 for shunt motors. 

k for shunt generators is determined for each H(‘parate 
case; tlwire should lie enough field n'gid.at ion to allow 
normal voltage* to be maintained from no-load to the* 
desired overloael. 

///.is found from the; formula 


L = I mean turn 

1000\oxt. periphery X watts per h<i. in. X (ff X .s/ X 1.27 

(see Art. 60, paf?e 72). 

Tf is the number of turnn of wire of w'etion M that will (ill up 
tho space Lj X <1/. 

(4) Design tho scries field coil. 

The series excitation at full-load is found from th<* satural ion 
curves and is the difTerenee between the extdtation for tlu' 
required terminal voltage found from tlu^ full-load saturat.ion 
curve and the no load excitation at tlu^ same voltagt*. 


The number of series turns = frms excitation 

full-load current 


IS 


generally increased 20 per cent on new designs b(^<!aus(‘ of th(‘ 
diflBiculty in predetermining exactly the fidl-load saturation 
curve. 


The current density in the series coil and also tho value of 
watts per square inch external surface are 20 pcjr cent greater 
than in the shunt coils of the same machine, because tho seri(*s 
coils are better ventilated than is possible with tho shunt coil. 
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Example .—The armature of a ten-pole, 550-kw., 250-volt no-load, 250-volt 
full-load, 2200 amperes, 250-r.p.m. generator is shown to scale in Fig. 4t‘: 
it is required to design the field system, which is not supposed to be given 
1 . Find the air-gap clearance. 


720 X 220 

Armature ampero-tums per pole = ~ 2 " >< ' lQ ” 

Ampere-turns per pole (gap + teeth) = 0.76 X 7900 =* 6920. 
Ampere-turns per pole for the teeth are found as follows: 


4>a 


250 X 60 X 10* 


= 8.35 X 10«. 


720 X 250 

Minimum tooth area per pole = 0.42 X X 0.66 X 11.25. 

« 55 square inches. 


Maximum tooth density 


8.35 X 10« • 
55 


=s 152,000 lines per square inch (apparent). 

= 145,000 lines per square incl- (actual), 

(from Fig. 48). 


7 = 1.95. 

t 

Tooth taper = A; = b^42 * 

Amper<i-turris per polo for the teeth =* 1080 X 1.55 (from Fig. 49). 

« 1680, 

Ampenv-turns per polo for tho gap =» 5920 — 1680. 

= 4240. 

8 35 X 10® 

Apparent gap density = 7 q X 14 

= 58,500 linos per square inch. 


3.2 X 4240 ^ 

“ 58,500 " 

But ~ / ^ f »wli(‘r(^/(l(‘pondson the ratio 

C and 5 must l)o obtaiiKid l)y trial solution. 
Tn this ease, 


(Art. 48); hence the value of 


C = 1.14. 

& = 0 . 2 . 

2. Determine the magnetic circuit dimensions. 

No-load excitation = 1.25 X 5920 = 7400 ampere-turns (approximately). 


Lf = I 2 QQ ~ 6.16; make L/ — 7.5. 

Ltiakugo factor = 1.18 (Art. 51.). 

, 8.35 X 10» X 1.18 

1 he pole area = - 

= 98.5 sq. in. (approximately). 

The yoke area = (approximately). 

From the dimensions found above the magnetic circuit is drawn to scale 
and the no-load saturation curve can then be determined as outlined in 
Art. 60. 
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3. Design the shimt coil. 

The no-load excitation ~ 70/35 ainjx^rc-turnH, 

E/, the volts per coil « « 20. 

Depth of coil, d/ (iiHsnniotl) » i.25. 

Jlf.IT., the mean turn « 47.5 in. 

External periplic^ry of tli<^ (^oil *» 52.5 in. 

V 47 ij 

Hize of shunt coil wire =» ' * 20 * 10,000 cinailar niilM. 

Use No. 8 B and H gau«;o, whicjh has a Moctiou of 10,510 circular mils and 
an overall diameter, whtm insulated with «i.c.e., of O.M in., lit*ne(» make d/ *« 
1.26 

Space factor, ~ 0.04 (Fig. 04', 

r . = V 


/ nn»an turn ^ . . . 

\oxt. periphery X watts |jc*r stfuare inch X <// X sf X 1.27 ’ 
Therefore: 

wattHporH<,u.mn.mh X ,/• X 1.27 

Tonn'i 17.5 

7..5*-‘ X 10» ^.52..5 X 1.20 X 0.01 X 1.27 ' 

Allowable watts p<*r s<iuar(‘ inch pcT (l(‘gr<‘e ('. 0.01!) i I'i •. 00), 

Probable temperatun* ri.s(‘ of sliunt li(‘ld <'oil.s ^ 

1 20 

The number of layers of wire in a <lepth of 1.213 in. “ \) 


7 5 

Th(v numb(*r of turns p(*r layer in a hmgtb of 7..T irn ^ 

The nuinlxT of turns p(?r coil -- 1) X .'l.’i 177 

The shunt fkdd current - ’‘*•'*’'177 - 11.8 

The current density in tin* fic*I<l coil wire ^ * *•'"* eircular mils 

per arnpcTO. 

4. Design the se^i(^s <x)il. 

The excitation at full-load and normal volta^t' 0100 .'impcrc-tunis. 

The shunt excitation at no load ami normal vohjig<‘ 70 ."m .'imptTc -turns. 
Therefore the s(iries amp(^r(?-turn.s at full load 2.'n5. 

The series turns (assunu'd) ;i 

The scries field curnmt , 7S0nmpcn*s. 

Connect series fi<dd windings in two parallt‘1 cir¬ 
cuits, hence tota.l s(a'i<*s fi(‘ld curnmt I.?.>t) jimpcrcs. 

The current in the seri(iH shunt ^ 2200 - I.'lOO ■ tSIO ainper<*s. 

Current density in the H<u’i(*s coil - - IKJO cir(!ular mih's p(*r ainp(*r<<. 

The size of the series coil wire = 030 X 7iS(). 

=s 725,000 (ureular mils. 

« 0.57 sq. in. 

Width of conductor (assumed) » 1.25 in. 

Thickness of conductor » 0.456 in. 



DESIGN OF THE MAGNETIC CIRCUIT 


77 


Allow Vz-iri. clearance between shunt field coil and series field coil. 
M.T., the mean turn of series coil = 61.5 in. 


The resistance of three turns of this conductor = 


61.5X3 


= 0.254X 10~^ ohms. 
0.199 volts. 


725,000 

The volts drop in one series coil = 0.254 X 10“^ X 780 
The loss in one series coil = 0.199 X 780 = 155 watts. 

The permissible watts per degree C. per square inch of external surface = 
0.019 X 1.2 == 0.0228. 


Use Yi-m. spacing blocks between turns of the series field. 

Therefore, the length L/ of the series coil = 3(0.455 + 0.25) = 2.12 in. 
External periphery = 66.5 in. 

Kadiating surface = 66.5 X 2.12 = 141 sq. in. 


155 

Watts per square inch external surface = y-- = 1.1. 


Temperature rise of series coil == 


= 48= O. 


0.0228 



(IHAPTEH VIII 

COMMUTATION (RESISTANCE METHOD) 

The direction of the current in the conductorH of a 
machine at any instant is shown in Kij?. (ir); therefore, as the 
armature revolves an<I conductors pass from one si<le of the 
neutral line to the other, the current in these conductors must be 
reversed from a value le to a value whore /.■ is th<* <!urrcnt 
in each conductor. 

Figure 67 shows part of a full-pitch douhlo-layt'r multiple 
winding with two conductors per slot and with the coils M 



undergoing commutation, and Fig. (>(i shows part of th<! <;orre- 
sponding ring winding. It may be s<s)n from diagriims -•! and 
E that the current in coils M is reversed as the armature m<.v<\s 
so that the brushes change from commutator segments I and 5 
to segments 2 and 6. 

63. Methods of Commutation.—There are two metlnxls by 
which commutation may be secured—the resistance metlwKl and 
the counter-e.m.f. method. Before abemt 1910, practically all 
D.-C. machines depended on the resistance method to secure com¬ 
mutation; since that date, the counter-e.m.f. method has been 
employed more and more, until at the present time it is almost 
universal. 
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However, in securing a counkir-e.m.f., for coiimuikition from 
a commutating pole, it is iniposHihle, always to generate exactly 
the proper voltage for perfect coinnmtation and the residual 
between the theoretically proper volkige and thtj actual voltage 
must be taken care of by resistance commutation. It is fitting, 
therefore, that resistance commutation eonsidensl first. 

64. Resistance Commutation.—I.iet the coils M k’ig. <i7 Iki in such 
a position between the poles N and »S' that, during commutation, 
they arc not cutting any lines of force due to tlm m.m.f. of the 
field and armature, ami let the contact resistances t'\ and rj, 
diagram li, betw'een the brush and segimmts r> and (5, be h«) large 
that the effect of^ie ronistanco and Holf-indiK^tion of coils 
M may be ncglo(!ted. 

In tho position shown in diaji;rani /}, the <u)nta<di an^a Ixitwc^cn 
the brush and segment 5 is large while that btd/W(*en tlu^ brush 
and segment 0 is small, and the current 2/,., which pass<'s through 
the brush, divides up into two parts which luv, |)r(»portional to 
the areas of conta(^t l)<d,w(‘(m the brush and s(‘gm<mts 5 and (i, 
respectively, ami are (xpial to /,. + / and /,. /. 

In the position shown in dia.grain (\ th(^ two (‘oniai-tt an^as arc 
equal and there is no tendency for curnud. to How round the 
coil M. 

In the position shown in diagram I), th(^ (X)nta(d, anMi 
the brush and segment 5 is small whih^ tiuit. b(d.W(‘<ui (.he brush 
and segment 0 is larg(^, and the curnuit 2/.. whi<Hi passes through 
the brush divides up into two par(.s as shown in tlx' <lijigrani; 
the current i in coil M now passes in a din‘e(ion o|)posi(.<‘ to 
that which it had in diagram A, As tlu^ <M)ni.a.et an*jt with s(‘g- 
ment i) decreases, the value of the currcuit / whi(Hi pass(\s round 
coil M increases until, at the instant shown in diagram h\ this 
current is equal to — 

By this action of tho brush the curnuit in (X)il M is rev<»rsc(l 
or commutated while the armature movt\s through th(» dis(.a.n(*c 
of the brush width, and the variation of (uirnud. with time is 
plotted in curve 1, Fig. 08, and follows a straigli(.-lin(^ law. 

66. Effect of the Self-induction of the Coil. “TIk* nssistamuj 
of the coil undergoing commutation is gomu-ally so low that its 
effect can be neglected, but the effect of self-induction must be 
considered. 

The current i in the coils M sets up lines of force which link 
these coils. As this current reverses, t!ie linos of force also 
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reverse, as shown in diagrams B and D, and the A>in.TigA of flux 
generates an e.m.f. in each coil M which is generally called its 
e.m.f. of self-induction. It is important to notice however that 
part of the flux which links one of the coils, say M, is due to 
current in the coU Mi on one side and to current in the coil Ma 
on the other side, so that this generated e.m.f. is really an e.m.f. 
of self- and mutual induction. 

The e.m.f. of self- and mutual induction bpposes the change of 
current which produces it, so that at the end of half of the period 
of commutation the current in the coils M has not become zero 
but has still the value cd, curves 2, 3 and 4, Fig. 68; these curves 
show the variation of current with time for different values of • 
RTr 

the ratio j , where; 



(!urv<i 1. ' — infinity. 

Tic 

JiT 

Curve / I ~ 

Ij + M 

PT 

Curv<^ I , ' — 0.5. 

Jj -H M 

R = the rosiHtanco of the total brush contact in ohms, 

Tc — the time of commutation in seconds, 

L = the coefficient of self-induction of one coil M in henries, 

M = the coefficient of mutual induction between coil M and 
coils M 1 and M 2 in henries. 
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The equation frorji which those curves mwo. plotted is derived 
as follows: 

The difference of potontiul between « and h, diunnuu li, Fiji;. 67, 
= (/r + f)ri — (/,. — and this must be etiual and opposite 

to the generated voltage — (L + 

or (/, + On - (Ir - On + + A/)j' = 0. 

If now Ji and 7’,. havci tluf vahufs aln^ady nuujtioiuid, an<l t is 
the time mojisurei! from the start of comnmtation 




then ri 
and 

therefore. (/,. + i)Ii 


+ (L 4 - M) - (/. 




t 


')■ 


different values of the ratio 


The results from this eciuation are plott(Hl in Fi^. (iS for 

(/. + M) 

66. Current Density in the Brush.—By the us(' of th(* valu(\s of 
i plotted in Fig. ()S the value of the eurnuit [,. + / flowing from 
the brush to segment 5 can Ixi (h^tonnimxl, and from it f h<‘ cur¬ 
rent density in the brush tip h at any instant <ain b(‘ obtairuMl. 
This quantity is plotted against time in Fig. (if), and it- will 1)(» 

RT, 

scon that, for values of , less tha,n 1, th(^ (uirnmt density in 

Ij 'Y’ 

the brush tip tS* becomes infinite, and duo to the coiujcntration of 
energy at this tip sparking takes places 

RT 

The criterion for sparkless commutation tluui is that , , 

ij I\I 

be greater than 1, and perfect commutation is thdined as sm^h a 
change of current in the coil being conunutatcxl that th<‘ (uirnuit 
density over the contact surface betwcicn the brush and the 
commutator segment is constant and uniform. 


' For the solution of this equation hoo Reid on ^‘Dirc.d. (hirront (^oininuta- 
tion,*’ Trans. A. T, E. E,, Vol. 24, 1905. 
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67. The Reactance Voltage.—The above criterion for sparkless 
commutation is used in practice in a slightly different form foi 

if be greater than 1, 

then R must be greater than — 

■L e 

21 

and 2IcR greater than + M). 

■* e 

This latter quantity is called the average reactance voltage 
and is the e.m.f. of self- and mutual induction of the coil being 
commutated on the assumption that the current varies from 
to —Ic according to a straight-line law. This average reactance 
voltage then should always be less than 2IcR the voltage drop 
across one brush contact. 
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Fi«. 70.—Brush-rontact ri'sistaiirv 


68. Brush Contact Resistance.—C^irvcj I, lig. 70 shows the 
value of the resistance of unit section of brush, contact plotted 
against current density in that contact; the resistance decreases 
as the current density increases and for higher values tluin So 
amperes per square inch it varies almost inversely us the current 
density and the voltage drop across the contact becomes prac¬ 
tically constant, as shown in curve 2, Fig. 70. 

Such curves of brush resistance are obtained by testing the 
brushes on a revolving collector ring and allowing sufficient 
time to elapse between readings to let the conditions become 
stationary. 
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It would seem that, by neglecting the effect of the variation of 
contact resistance with current density, as was <ione in Art. 66, 
the results there obtained would lie rendered of little practical 
importance; it is found, however, that the variation in resistance 
is largely a temperature effect and that at constant teinpitrature 
the contact resistance does not vary through such (ixtreme 
limits, also that, due to the thermal conductivity of carbon, the 
temperature difference between two points on a brush (!onta<!t is 
not very groat. 

Suppose that, having reached the value of 10 ainpen^s per 
square inch, and the resistance having become stationary at 
0.06 ohms per s(iuare inch, (s(«i h’ig. 70) the curnuit density were 
suddenly increased to 40 amp<ires ptir s(^uar<^ iiudi; th<! nisist- 
ance in ohms per square inch would not fall suddenly to 0.02;i 
but would have a value of about 0.06 and this would gradually 
decrease until, after about 20 min., the nwistamre would have 
reached the value of 0.023, the vahu! which it ought to hav(! 
according to curve 1, Fig. 70. This c-xplains w'hy a mae.hiia^ 
will stand a consi<lerable overload for a short time wil.ho\it 
sparking, whereas if the overloml be maintained th<! inaelune 
will begin to spark as the brush temperatun^ iiuinfases and <.h(( 
contact resistance decreases. 

Sparking is cumulative in its effect becau.se slight sparking 
raises the temperature of the brush eontacd., whicdi redma-s <.lui 
contact resistance and causes the operation to b(‘com(‘ worse. 

69. Carbon Brushes.—It i.s impossibhf in thi.s O'xt to giv(' 
anything like a complete <loscription of th(' properties of (.he 
various grades of carbon brushes. Th(' coellicient of friction 
between brush and commutator, the* contact drop, tlu> carrying 
capacity, the specific resistance, and tlu* advisable* pr(*ssure arc; 
all subject to considerable variation, depending ui)on l)o(,h 
the commutating characteristics and upon (.he particular typ(* of 
brush selected. 

Friction coefficient varies from 0.2 to 0.4; under souk* .spetrial 
conditions even these limits may be exceeded. 'I’he value 0.2S 
that is given in Chap. X might bo taken as a fair average*, 'riu* 
character of the brush as well as the condition of (.he commutator 
will, however, cause this value to vary over wide limits. 

Contact drop between brush and commutator also varies 
over wide limits, from a minimum of about 0.3 volts to a ma.xi- 
mum of about 1.1 volts. With the so-called “metal graphite’’ 
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brush the drop goes much lower—^to 0.02 volts in some types. 
These ''metal graphite” brushes are, as a rule, used only on slip 
rings or on very low voltage D.-C. machines—below 26 volts. In 
resistance commutation, contact resistance is relied upon to 
prevent sparking; even in counter-e.m.f. commutation, the 
residual between the e.m.f. set up by the commutating pole 
and the reactance voltage in the commutated coil must not 
exceed the contact drop else sparking is apt to occur. Therefore, 
while contact drop means a necessary loss, it is not an entirely 
unmixed evil. 

Carrying capacity varies from 30 to 60 amperes per square 
inch. It is the total energy that determines the temperature rise 
of the brush and this in turn depends on the coefficient of fric¬ 
tion, the contact drop, and the specific resistance of the brush. 
In general, low carrying capacity is coupled with high contact 
drop and vice versa; however, the friction coefficient and the 
specific resistance of the brush may modify this general relation. 

In stationary machines, brush pressure varies from to 
3 lbs. per square inch. If commutators are not in good condition 
the pressure may have to be increased. In moving machines, 
such as railway motors etc., from 3 to 8 lbs. per square inch are 
used, depending upon motor speed and track condition. 

70. Energy at the Brush Contact.—The criterion for sparkless 
commutation is that the energy at the brush tip, which is pro¬ 
portional to the current density in that tip, shall not become 
infinite. Also, the average energy at the brush contact is limited 
as sot forth in the proceeding paragraph; with carbon brushes, 
the contact drop cannot get below about 0.3 volts nor above 
about 1.1. volts. 

The product of amperes per square inch and volts drop across 
one contact has an average value of 35 watts per square inch. 
It must be understood that these figures are for machines which 
operate without sparking and without shifting of the brushes 
from no-load to 25 per cent overload, but have not necessarily 
what was defined, in Art. 66, page 82, as perfect commutation. 
The better the commutation the more nearly uniform the current 
density in the brush contact and the higher the average current 
density that can be used without trouble developing. 

71. Calculation of the Reactance Voltage for Machines with 
Full-pitch Multiple Windings.—Consider first the case where 
there are T turns per coil and the brush covers only one segment, 
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as shown in Fig. 71. The winding is of the double-layer type a 
has two coil sides per slot; a section through one slot is sho 
at S, Fig. 71, fot the case where T = 6. 

Let <f>, be the number of lines of force that circle 1 in. length 
the slot part of the coil M for each ampere conduct 
in the group of conductors that are simultaneously und< 
going commutation. 

and 9 , the number of lines of force that circle 1 in. length of t. 
end connections of the coil M for each ampere conduct 
in the group of end connections that are simultaneous 
undergoing commutation. 



Fio. 71.—Flux circling a full-pitch multiple coil (luring Hhorl-circuil. 


In one of the slots A there are 27" conductors, (uich ('arryiiig n 
current i, so that the flux that circles one side of (loil M - <}>, x 
LcX2T X i lines. In one of the groups of end comu'ctioiis, .as ul. 
X, Fig. 71, there are T conductors, eaidi carrying a (iurnmt /, so 
that the flux that circles one graup of end connections of length 
L, = <l>, X La X T X i lines. 

The total flux that circles the coil M duo to the (turnmt / in the 

coil = 

= 2Ti{24>JLa + 

and (L + M) = x 10-" henry. 

= 2T\2^aLe -f- <j>JLa) X 10~**henry. 

To, the time of commutation, is the time taken by the commu¬ 
tator to move through the distance of the brush width and is (Hpial 

to ^0 _segments covered by the brush 

r.p.m. total number of commutator segments’ 

« QQ segments covered by the brush 
ir.p.m. ~ g ' 
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therefore, when the brush covers only one segment, the average 

21 

reactance voltage = -^(L + M) 

J. c 

« 21 + <I>JC,)2T »X r.p.m. XSX lO"^ - 

* 60 

72. The Effect of Wide Slots and Brushes.—^Neglect for the 
present the effect o#the end connection flux, which is small com¬ 
pared with the slet flux, and compare the four cases shown in 
Fig. 72. 



B 


ni«r uniriir 



c D 

72.-—ISffoct of slot and brush width on the reactance voltage. 


A shows part of a winding which has 6 coil sides per slot and a 
brush which covers 1 commutator segment. 

B shows part of a winding which has 2 coil sides per slot and a 
brush which covers 1 commutator segment. 

C shows part of a winding which has 6 coil sides per slot and a 
brush which covers 3 commutator segments. 

D shows part of a winding which has 2 coil sides per slot and a 
brush which covers 3 commutator segments. 

The slots in cases A and C are three times as wide as those in 
B and D and the coils shown black are those which are under¬ 
going commutation. 
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In B the time of commutation is the same as in -4, but the 
flux <l>t is three times as large since the reluctance of its path is 

proportional to the ratio reluctance of th(^ iron 

part of the path being neglected. The reactance voltage is 
therefore three times as large. 

In C the time of commutation is three times as long as in A 
and the flux also is three times as large since there are three 
times as many conductors undergoing commutation at the same 
instant. The reactance voltage is therefore the same in each 


case. 

In D the time of commutation is the same as in C and so also is 
the flux 0a, since the reluctance of three short paths in series is 
the same as that of a single path three times as long. The 
reactance voltage is therefore the same in D as it is in C or A. 

From the above discussion the following conclusions can be 
drawn—namely, that when the brush covers one commutator 
segment only, the reactance voltage is greater the narrower the 
slot; compare for example, cases A and B; also that an increase 
in the brush width has no effect on the reactance voltage as long 
as the group of conductors simultaneously commutated is not 
greater than the total number of conductors per slot (compare 
A and C), but decreases the reactance voltage if the group of 
conductors simultaneously commutated is greater than th(^ total 
number of conductors per slot (compare Ji and I)). H(»nc(‘ the 

expression for reactance voltage must incliuh^ a t(‘nn involving th(^ 
number of segments short circuited by th(‘ brush. Jj<'t t liis lx*! aS'. 

The method for determining the brush width is taken up in 
Art. 81; it is pointed out here, however, that the brush g(m(U’a]ly 
covers more than one commutator segment, and und(u* tliosc 
conditions the case of a very narrow slot with the brush covering 
one commutator segment, namely case By Fig. 72, can be neg¬ 
lected; with this restriction the formula for reactance voltage on 
page 87 can be used for all slot and brush widths. 

^ It has been found experimentally that, for the shape of coil 
in general use in D.-C. machines and for slots which have the 


slo t depth 
slot width 


- 3.5, 


a value which is seldom exceeded in non¬ 


commutating machines, the value of 0« may be taken as 10 lines 


per ampere conductor per inch length of core, and <f>,, may be taken 
as 2 lines per ampere conductor per inch length of end connection. 


1 Hobart, “Continuous Current Dynamo Design,” page 108. 
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By substituting the above values in the formula for reactance 
voltage on page 87, the following result is obtained for the 
reactance voltage of a full pitch double layer multiple winding 
namely: Average reactance voltage 
^ 2Jc(2 X 10 X I/c + 2 X L.) X 2r- X r.p.m. X g X 10"^ 

60 X /s' 1 ’ 

= 1.33 X /S X r.p.m. X I. X T\L, + 0.1Z»)10-« X g; (10) 

73. Short-pitch Multiple Windings.—It was pointed out in Art 
16, page 15, that, when a short-pitch winding is used, the con- • 
doctors of the coils which are short-circuited at any instant are 
not in the same slot; thus Fig. 73 shows the short-pitch diagram 
which corresponds to the full-pitch one shown in Fig. 71, and it 



r 

in 


lU 

> 

■> 


DQD 

/ 

lU 


f 

III 

/ 

DQQ 


f 

III 


DQD 



— 


— 

J) 


Fig. 73.—Flux circling a short-pitch multiple coil during short-circuit. 


will be seen that, while the end connection flux is the same in 
each case, the slot flux <Pa has only half the value for a short- 
pitch winding that it has for a full-pitch winding so long as the 
pitch is short enough to prevent the conductors which are short- 
circuited at any instant from lying in the top and bottom of the 
same slot. 

For a short-pitch double-layer multiple winding the value of 
the average reactance voltage 

= 1.33 X -S X r.p.m. X L X T^ x(^- O.IL.) X IQ-^Jj (11) 

74. Calculation of the Reactance Voltage for Machines with 
Series or Two Circuit Windings.—^Figure 74, which is a reproduc¬ 
tion of Fig. 21, shows that when only one + and one — bmsh are 
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used each brush short-circuits ^ coils in series, so that the average 
reactance voltage in such a case 

= 1.33 XSX r.p.m. X 7c X TKLc + 0.1Z-,)10-« X ^ (12) 

When, however, the same number of sets of brushes arc used as 
there are poles, so that brushes are also placed at b and c, there is 
a short commutation path round one coil which is short-circuited 
by two brushes at the same potential, in addition to the long 

path around | coils in series and, so far as this short path alone is 

concerned, the average reactance voltage 

= 1.33 X X r.p.m. X LX T^{L. -h 0.17.,) 10 * X 



Fig. 74.—Coils in a series winding that arc short-oimiitorJ hy ono hrush. 


The value of the reactance voltage that should be used as 
a criterion for commutation is somewhere between these two 
valueS; and the results are still further complicated by what is 
known as selective commutation which was described in Art. 17, 
page 19, so that in practice it is usual to use the former of the 
two equations, which is pessimistic; the commutation will gener¬ 
ally be about 20 per cent better than that indicated by the value 
of reactance voltage so found. 

75. Formulae for Reactance Voltage.—Collecting together the 
results obtained in Arts. 72, 73 and 74, the following formulae are 
obtained: 
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The average reactance voltage 

= 1.33 XSX r.p.m. X X T\Lo + 0.1Le)10-s 4 for full-pitch 

lb 

multiple windings 

= 1.33 X S X r.p.m. X Ic X T^(^^ + 0.1Le)lO-si for short- 
pitch multiple windings 

= 1.33 X S X r.p.m. X Ic X T^ {U + O.IL.) | X 10-*4 for 

Jj O 

series windings. 

It is pointed out in Art. 110, page 137, that, in order to have 
an economical machine, the core length Lc should lie between the 
values (0.9 to 0.6) X [pole pitch]. 

The length Le of the end connections is directly proportional 
to the pole pitch and = 1.4 (pole pitch) approximately, so that 
Le has a value between (1.6 and 2.4) X [LJ and an average 
value = 2 Lc. 

Substituting this average value in the above formula3 for react¬ 
ance voltage the following approximate formula is obtained: 
The average reactance voltage 

BV = kXS X r.p.m. X L X L.. X lO-®^ (13) 

where S = the number of commutator segments. 

r.p.m. = the speed of the machine in revolutions per 
minute. 

Ic = the current in each armature conductor. 

T — the number of turns per coil. 

Lc ~ the frame length in inches. 

= 1 for multiple and = ^ for series windings, 
paths 2 

k — l.G for series and full-pitch multiple windings. 

= 0.93 for short-pitch multiple windings. 

S' = number of commutator bars short circuited by 

the brush. 



CHAPTER IX 

COMMUTATION (COUNTER E.M.F. METHOD) 

76. The Sparkiag Voltage,—^Down to this point it has h 
assumed that the coils in which the current is being commuta 
are in such a position between the poles that, during commu 
tion, they are not cutting any lines of force due to the ra.m.f. 
the field and the armature. Under these conditions the va 
of the reactance voltage when sparking begins is called i 
sparking voltage, and depends on the brush resistance, as sho 
in Art. 67, page 83. 

In practice, the brushes of non-commutating pole machii 
are generally shifted from the above neutral position in sue! 
direction that the coils which are undergoing commutation { 
in a magnetic field, and an e.m.f. E, is generated in them, due 
the cutting of this field', which opposes the e.m.f. of solf-a 
mutual-induction and so causes the commutotion to be me 
nearly perfect. In such cases the value of the resultant of tl 
generated voltage and of the reactance voltage, when sparki 
begins, is called the sparking voltage. 

As the load on a machine increases the reactance volta, 
increases with it, and in order that the commutation may 1 
perfect at all loads the voltage E, must increase at the same rat 
in non-commutating pole machines this can only he tlie cjise 
the distance the brushes are shifted from the neiitral varies wil 
the load. 

Suppose that the brushes are in such a position that commuti 
tion is perfect at 50 per cent overload, and that th(^y are fixe 
there; then at no-load there will be no reactance voltage t 
counteract, but there will be a large generated voltage A', whic 
will cause a circulating current to flow in the short-circuited coi 
and sparking will take place if E, is larger tb.an the sparkin, 
voltage. 

Modem D.-C. machines are expected to carry any load fron 
no-load up to 25 per cent overload without sparking and als< 
without shifting of the brushes during operation. To accom 
plish this result the brushes are shifted from the neutral position 
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in such a direction as to help commutation when the machine is 
loaded, until the machine is about to spark at no-load; the 
voltage E„ which is generated in the short-circuit coil, will then 
be a little less than the sparking voltage. When the machine is 


Volta 



Fig. 75.—Variation of the voltage in the short-circuited coil with load. 

cSfrrying 25 p6r cont ovcrloEci tho rs&ctflinc© volt&gc will b6 
greater than the generated voltage E. by an amount which is 
just a little less than the sparking voltage, and half way between 
these two points E, wall be equal and opposite to the reactance 
voltage and the commutation will be perfect. 
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From the above it would seem that the reactance voltage at 
25 per cent overload could have a value equal to about twice the 
sparking voltage, but in obtaining this result it has been assumed 
that the generated voltage E, remains constant at all loads; as a 
matter of fact, it decreases with increase of load due to the cross- 
magnetizing effect of the armature, as pointed out in Art. 52, 
page 57. To prevent this decrease in the value of E, from becom¬ 
ing too large, the relation between the field and armature 
strengths is fixed by making the field ampere-turns per pole for 
gap and tooth greater than 1.2 (the armature ampere-turns per 
pole) -f the demagnetizing ampere-turns per pole). 

The diagrams in Fig. 75 show the variation of E, and of the 
reactance voltage with load. Curve 1 shows the relation 
between E, and the load, and curve 2 shows that between the 
reactance voltage and load. The brushes are shifted until the 
value of E, at no-load is equal to the sparking voltage; at load B 
the commutation is perfect, and at load C the reactance voltage 
is greater than E, by the sparking voltage. These curves show 
clearly the superiority of the overcompound machine as far as 
commutation is concerned. 

77. Disadvantages of Brush Shifting.—Analysis as well as 
practice indicates some very decided disadvantages in depending 
upon brush shifting for securing commutation. These disad¬ 
vantages may be briefly discussed as follows: 

1. The variation of the commutating field with load is exactly 
opposite from what it should be, thereby limiting the load range 
within which satisfactory commutation may be secured. 

2. The shifting of the brushes gives rise to a demagnetizing 
component of armature upon the field (sec Art. 54, page (51). 
This requires additional series field excitation to neutralize this 
demagnetizing effect. 

3. The point of commutation at no-load comes in the edge of 
a strong field where the voltage between bars becomes a maxi¬ 
mum very soon after passing under the brush. This causes a 
tendency to flash over on sudden interruption of load. 

78. Commutating Poles.—As has been shown in the pro¬ 
ceeding articles, commutation is improved by shifting the brushes 
under the pole tip which will give an e.m.f. in the coils under 
commutation which will oppose the e.m.f. of self- and mutual 
induction in those coils. It is obvious that the same effect may 
be obtained by leaving the brushes at the neutral point and 
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moving the commutating field back to them. This is exactly 
what is done by the commutating pole. Figure 76 shows a 
four-pole machine equipped with commutating poles. The 
exciting windings on these poles are in series with the load so 
that the m»m.f. on these poles is always propoi^ional to the 
counter m.m.f. of the armature and is made a sufficient amount 
greater than thd armature m.m.f. to produce a flux sufficient to 
overcome the reactance voltage of armature coils under com¬ 
mutation. Reactance voltage is proportional to load current 
and so also is the m.m.f. of the^commutating pole; theoretically 
therefore, commutating conditions on commutating pole machines 
are correct at all loads, from the maximum current in one diree- 



Fio. 76.—Magnetic circuit of a four-pole interpolo niafhino. 

tion when the machine acts as a generator to maximum in the 
other direction, when the same machine acts as a motor. Fur¬ 
ther, there is no change of brush position for this entire range 
of load; also the m.m.f. of the commutating pole is always in 
opposition to that of the armature no matter what the direction 
of current, provided, of course, that the connections have been 
properly made. 

79. Commutating Pole Dimensions.—Figure 77 shows the 
approximate dimensions of the interpolar space and how this 
space is divided between commutating pole and the air spaces 
between this pole and the two adjacent main poles. The com- 
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mutating pole is usually tapered as shown and the commutati 
pole aii^gap S is usually considerably larger than the main pi 
air-gap. 

There are two points to be considered in determining i 
width of the face of the commutating pole and the air-g 
between this face and the armature surface. 

1. The magnetic reluctance of the path across air-gap a 
teeth should be kept as nearly uniform as possible; otherwise 
ductuation will be set up in the magnetic dux passing throu 
the commutating pole, giving riSe to undue losses. To acco: 
plish this, the width of the magnetic dux zone under the co; 
mutating pole should be adjusted to the commutating p< 
air-gap and to the width t of the armature teeth (Fig. 77) so that 
one tooth is leaving the zone, another is entering. 


-!!l8to.Wr- 



J.11 to .ur |.ji to .la rLllto jsr 


Fig. 77.—Interpolar apace ixnd conimut iitiiiK polo. 


2. The second consideration is that the maj^notic flux zo 
under the commutating pole that produces tlui (i.in.f. net^essa 
to overcome the reactance voltage should bo widc^ enough 
accomplish this purpose. To analyse this probkun nMiuir 
detailed consideration of the number of slots per pole, the wid 
of brush, the commutating pole width, and its air-gap and last 
the matter of shortened pitch in the armature winding. The 
details will now be considered. 

80. Minimum Number of Slots per Pole.—Figure 78 shen 
three of tho stages in the commutation of the current in a machi] 
which has six coil sides per slot. The commutator segments a 
evenly spaced, while the coils, being in slots, arc not. It will 1 
seen that, between the instant when the brush breaks conta 
with coil A and the instant when it breaks contact with coil < 
the slot in which these coils lie has moved through the distan' 
X, and that the magnetic field cannot be uniform for all the 
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positions. The reactance voltage for all positions (A, B, and C, 
Fig. 78) is practically uniform but the commutating field from 
poles N and 8 is not. When the usual type of "pulled” coU 
is used and a chording of one slot employed, Fig. 78 indicates the 
instantaneous position of both sides of a given coil when com¬ 
mutating. While the conductors of one side of the coil (A, B 
and C, Fig. 78) are under the influence of one commutating pole 
(pole N, Fig. 78), the other side of the same coil is under the 
influence of the next adjacent commutating pole (pole 8, Fig. 
78), and the instantaneous positions are indicated by A', B', 



and C". The total voltage for commutation is the sum of the 
voltages under pole N and pole 8, Fig. /8. Inspection will 
indicate that the voltage for commutation is not uniform in the 
three positions AA', BB' and CC'. It is also obvious by inspec¬ 
tion that the fewer the number of slots per pole and the greater 
the number of conductors per slot, the greater will be the 
departure from uniformity of voltage for commutation that is 
generated by the commutating poles. 
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This consideration limits, in practice, the number of slots per 
pole to not less than the following: 


SZZB 

6 kw. and under 
5 kw. to 50 kw. 
50 kw. and above 


Slots pxqr 
Pole 

7 to 8 
0 to 12 
12 or more 


A still further limitation is that above 50 kw. not more than 
four commutator bars per slot are used and below that size, not 
more than five. 

81. The Brush Width.—It was pointed out in Art. 72, page 87, 
that the brush width has very little effect on the reactance 
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voltage because, while the number of adjaccuit (^oil^^ t,hat are 
siinultaneously undergoing commutation iiKin^awes with th(^ brush 
width, the time of commutation also increases at the same rate. 

Figure 79 shows in diagram the distribution of curnmt ov(u* the 
face of a brush in a typical commutating polo machine. As has 
been pointed out on previous pages it is obvious that the current 
in a given armature conductor must change from +Ir to —/r 
while the commutator bar to which it is attached is passing 
under the brush. As was pointed out in the previous chapter,, 
ideal commutation takes place when this change from +/c to 
—/fi occurs at a uniform rate while the coil is passing under the 
brush. Thus, in Fig. 79, if the values ii and 22 are each — 
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th6n the current that passes from commutator bar to brush id the 
same for each of the bars 4, 5, and 6 which are shown in contact 
with the brush at the instant selected and the current density 
over the entire brush surface is uniform. Since reactance 
voltage does not change with slot position, it follows that the 
flux from the commutating pole which neutralizes this reactance 
voltage, should also be uniform throughout the range of motion 
while the coil under commutation is being short-circuited by the 
brush. If the brush is so wide that a part of this short-circuited 
zone is outside the zone of the commutating pole field, it is 
obvious that this additional width .of brush will accomplish 
no good purpose. 

Reference to Fig. 77 shows that the width of the commutating 
pole must be kept down to 11 to 13 per cent (average value 12 
per cent) of the pole pitch. The bevelling of the commutating 
pole is such that the width of the commutating pole face pre¬ 
sented to the armature is two-thirds to three-fourths of the pole 
width; this means that the width of the commutating pole at the 
armature surface is from 7.3 to 10 per cent of the pole pitch. 
The comparatively large air-gap of the commutating pole gives a 
fringe of field at the edges of the commutating pole which 
increases its zone of activity by some 20 to 40 per cent depending 
on the air-gap used. As a final result, therefore, we arrive at a 
width of commutating pole zone that varies from say 9 per cent 
of pole pitch as a minimum to 15 per cent as a maximum. 

As shown above, it does no good to use a brush that is wider 
than the commutating zone under any conditions. A brush that 
covers 15 per cent of the commutator circumference is therefore 
the maximum that could be considered, except possibly on some 
freak design. 

But there are a number of considerations that reduce this 
value. The most important is probably the influence of the 
short-pitch winding. The effect of a short-pitch winding is 
to reduce the effective width of the commutating pole zone by 
just the amount of the shortening of pitch. The reason for this 
may be readily seen by inspection of Fig. 78. Here, the winding 
is assumed to be one slot short of full pitch. As one side of the 
coil being commutated is leaving the zone of one commutating 
pole, the other side is entering the zone of the next adjacent 
commutating pole, and it is obvious, by inspection, that this one 
slot shortened pitch decreases the commutating zone by one 



100 


ELECTRICAL MACHINE DESIGN 


slot. If we take Cm as the width of the commutating zone at the 
armature surface, the maximum width of brush is 
^ commutator diameter 

* armature diameter 

with full-pitch windings. With short-pitch windings (shortened 
one slot) the brush width becomes 

... cummutat or diameter 
' * ^ armature diameter 

It has been shown above (Art. 80) that X has a maximum value 
of about 14 per cent of pole pitch and that C, has a minimum of 
9 per cent of pole pitch, and it might seem to follow that the 
brush width would sometimes have a negative value. Values 
of X that are as high as 8 to 14 per cent of pole pitch are used 



Fia. 80.—(7irculiitinf^ c.umMits sit no-losid in si wido hrimh. 


only on small machines whore wave or series windings arc used. 
In this type of winding an odd number of slots is used and the 
pitch is shortened only a fraction of a slot. The amount of 

shortening of pitch usually used is that is, )4X in a four-pole 

machine in a six-pole, etc. The minimum number of slots 
in which a full slot of chording is used is 12 per pole and usually, 
it is more than this. 

figure 80 shows another condition that limits the maximum 
width of brush. If the brush is too wide (Fig. 80 shows a brush 
six bars wide) there will be a relatively large voltage between the 
toe of the brush a and its heel i>. If there be an unbalance 
between the reactance voltage in these coils and the counter e.m.f. 
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for commutation set up by the commutating pole, this unbalanced 
voltage will be opposed by the resistance of only two carbon 
to copper contacts (assuming brush resistance and coil resist¬ 
ance — zero) and circulating currents may be set up as indi¬ 
cated. Our previous discussion has shown that a perfect 
balance for each individual turn is impossible, particularly, 
when these adjoining turns are in adjacent slots; some circu¬ 
lating current will therefore occur and this circulating current will 
increase with the width of brush. 

Practice has indicated that the brush should not cover more 
than one slot, unless there is only one commutator bar per slot 
and then not more than two bars. Practice has further, indi¬ 
cated that the maximum bars covered in small machines (50 
kw. or under) should not exceed five and in large machines 
(over 60 kw,), four. 

82. Limit of Armature and Field Ampere-turns per Pole-'- 
Figure 81 shows part of a multipolar machine; the current in the 



armature conductors is represented by crosses and dots and 
the lines of force of armature reaction are also shown. As the 
number of armature ampere-turns per pole increases the field 
ampere-turns per pole must also be increased so as to prevent 
too great a distortion of the main field. 

There is, however, one part of the armature field which is not 
counteracted by the main field, namely, the field out on the end 
connections; this is stationary in space and therefore cut by the 
coils which are undergoing commutation. The e.m.f. due to the 
cutting of this field acts in such a direction as to oppose commu¬ 
tation, and in order to prevent this voltage from having such a 
value as to cause trouble, it is advisable to limit the number of 
armature ampere-turns per pole to not over 10,000. This means 
that the field ampere-tums per pole for gap + teeth for commutat¬ 
ing pole machines should not exceed about 7500, in other words 
the field am'pere-iurns per pole for gap + t^Bth should be 
approximately 0.75. armature ampere-turns per pole (see Art. 57, 
p. 67). When the field ampere-turns per pole exceed this value. 
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it is more economical to increase the number of poles thereby 
reducing the ampere-turna per pole to a value loss than 7500. 

83. Dimensions of Commutating Pole.—The axial length of 
the commutating pole, Lip, is found as follows: If IL is the average 
commutating pole gap density, then the voltage generated in each 
coil while under the conmmtating polo 

= the lines cut per second X 10"" 

= 2TXBiXLiX ^Da X X lO*" 

and this should equal the reactance voltajijc, which, for a Cihordod 
winding, the type usually used on intorpole inacdiines, 

= 0.93 X X r.p.m. X /,. X Lr X 7’“ X 10“” volts per 
(joil; therefore, equating these two valuers together and simplifying, 

BiXLi = X 2« 

= ampere-conductors jxu* inch X /v,- X 14, 
and L, . x 


If we assume a value of Hi == •10,000, and a value of ampere¬ 
conductors per incli == 1100 (a vn.lue nindy (^xcecxled), the 
resulting value of A,- is 


noo X 14 

40,000 


o.3sr> />,. 


It is ol)vious, thcrefon^ that there' is (M)nsid(U’a.l)l(i latitudes in 
adjusting the nunib(U', the length, and tlu' (excitation of the 
(commutating poles. 

The use of a commutating pole Ixctwexui ('V('ry pair of main 
polos is n(jt (jssential. Uefeiviuce Kig. 7S will indicates this. 
This figure shows that while one side of a given (coil is und('r a 
north commutating pole, the otlmr side is undecr the next adjjuxcnt 
south pole. The total c.ni.f. for commutation is the* sum of 
tlu'se two e.m.fs. If we double the ilux under one of tlu'se poles, 
the other may be omitted and satisfactory (commutating (con¬ 
ditions still secured, r'rom th(c nclation b(jtw(c(cn and />,. above 
indicated it is obvious that this doubling of th(c flux under the 
(commutating polo may readily bo s(H;ured by simply doubling 
the length. There is amph; margin so that this may be done. 
4"his is fre(iucntly resorted to by designers and only half as many 
commutating poles are used as main poles with a consequent^ 
saving in material and labor. 
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With series or wave-wound armatures when only two sets of 
brushes are used the designer can go even further and use only a 
pingift commutating pole no matter how many main poles the 
machine may have. 

84. Commutating Pole EzdtatiorL—The m.m.f. of the commu¬ 
tating pole must be sufficient to overcome the m.m.f. of the 
armature and then enough greater to produce the necessary 
flux for commutation. When using as many conunutatii^ 
poles as poles, the excitation used on these poles is from 1.2 
to 1.4 the armature ampere-turns. When only half the number 
of commutating poles as main poles is used this m.m.f. is increased 
to 1.4 to 1.6 the armature m.m.f. The number of turns on the 
commutating pole is fixed in advance at a value which is large 
enough and then the final value of commutating pole flux 
adjusted either by adjusting the air-gap or by shunting down the 
proportion of armature current that is passed through them. 


Example.—'Desigo. the commutating pole and its winding for the machine 
drawn to scale in Fig. 46, and having the following rating: 


550 kw.', 250 volts, 250 r.p.m., 2200 amperes. 

The brush arc. 

The slot pitch. 

Armature diameter. 

Commutator diameter. 

Armature frame length. 

Ampere conductors per inch (Fig. 94)- 

Armature ampere-turns per pole. 


1.036 in. 
0.872 in. 
50 in. 

35 in. 

14 in. 
1010. 
7900. 


rr -x'l commutator diameter ^ j 035 (Art. 81). 

•’ araiaturo diameter 

Hence, the commutating pole zone arc must not be less than, 

/ „ ^ armature diameter \ 1 j, ^ j. 0.872. = 2.352 in. 

C. = (1.036 X -^„,^,t^to-rdk5IeW+^ 0.7 +‘'•'- 

To prevent pulsation of the commutating pole field “'f 

arc should bo approximately a multiple of the slot pitch, or 3 X 0.8 


2.616 inches. 


Therefore make, 

Cz == 2.5 in. 

The commutating pole air-gap (assumed) = “• 

The commutating pole width = C. - 2S - 2 m. 

Minimum axial commutating pole length, 

Li - 0.386Lc •= 5-4 m. (Art. 83). 

Actual axial commutating pole length, 

Li = 0.861<c = 12 m. 

The average commutating pole gap flux density, 

14qLc _ 14 X 1010 X ^ = 16,500 lines per square inch. 
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The commutating pole ampere-tums ** 7900 X 1-4 = 11,000 (Art. 84), 

The number of turns required on each commutating pole « 

_n,ooo_ ^ 

full-load current 

The full-load current is 2200 amperes, and to carry such a large curnint 
very heavy copper would be required for the commutating polo winding, 
hence the winding is divided into two circuits which are connected in parallel^ 
each carrying one half of the total current, namely 1100 amperes. 

Therefore, the number of turns per pole — 10. 

Current density in commutating pole winding * 930 circular mils per 
ampere (same as for the series held). 

The size of the commutating pole winding 


Width of conductor (assumed) 

Necessary thickness of conductor 
M.T.j the mean turn of coil 

The resistance of 10 turns of this wire = - 


930 X 1100 

* 1,020,000 circular mils. 
> 0.8 sq. in. 

1.25 in. 

0.64 in. 

33 in. 


33 X 10 


= 0.324X 10”*ohrnH. 


1 , 020,000 

The volts drop in one coil - 0.324 X 10*® X 1100 « 0.356 volts. 

The loss in one commutating pole coil = 0.356 X 1100 = 392 watts. 

The permissible watts per degree C. per square inch of oxtc^rnal Hurfa(^<^ 

= 0.0228 (same as for sorics fi(dd <ioil). 
The radial length of coil » 8.5 in. (see Fig. 46). 

External periphery of coil ** 38 in. 

Radiating surface » 38 X 8.5 =» 324 sq. in. 

Watts per square inch external surface = * 1-2. 

1 2 

Temperature rise of commutating pole coil - ’ = 53® (1 

0.0228 

This temperature rise is not too high for oxj)o«(!il wimlings (hoo Art. 101) 


86. Compensatmg Windings.—While the commutating 
gives us a very satisfactory solution of the problem of commu¬ 
tation, it does not prevent field distortion. In fact, the amount 
of field distortion in commutating pole maclunes is, in general, 
much higher on account of the lower ratio 

field ampere-turns pe r pole for gap -f- teeth 
armature ampere-turns per pole at full load 
As had already been set forth, this ratio for non-commutat¬ 
ing pole does not usually go below 1.2 and for commutating 
pole machines it varies from about 0.65 as a minimum to about 
1.00 as a maximum. The flux set up across the pole face by the 
armature m.m.f. is shown in A, Fig. 82. If we provide the polcj 
face with another winding, as shown at B, Fig. 82, and place this 
winding in series with the load, it will obviously set up an m.m.f. 
equal ^d opposite to that of the armature; this will prevent 
distortion of the field due to armature reaction. Such pole 
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face windings are called cornTpenBoting wind%7hgs and are usually 
used when the product kw. X r.p.m, reaches a value sufiScient 
to justify the additional expense of these windings. Commu¬ 
tating poles are also used, even when the machine is equipped 
with compensating winding, but the ampere-turns on these 
poles is reduced to only about 20 to 30 per cent of the value that 
would be necessary without such compensating windings. The 
m.m.f. set up by the compensating windings tends to cause a 
flux to pass through the commutating poles and hence a reduction 
in the exictation necessary on these poles when using a compen¬ 
sating winding. Figure 83 shows a machine equipped with such 
compensating windings. 

The value of the product kw. X r.p.m. above which compen¬ 
sating windings are used in approximately 350,000; however, this 
value is not a hard and fast dividing line, For values greater 



than this, it is usually more economical to use the compensating 
winding as well as assuring better performance. Where oper¬ 
ating conditions are especially severe, such as frequent reversals 
of rotation or frequent heavy overloads, the compenasting 
windings may be used for lower values of kw. X r.p.m. 

There is another advantage of the compensating winding that 
is important. Reference to Fig. 82A shows that a cross flux is 
set up by the armature m.m.f. which may attain a very consider¬ 
able value. With every load change, the value of this cross 
flux changes. The maximum value of this cross flux is at a, 
Fig. 82A, and variations in the value of this cross flux will set 
up an e.m.f. in the armature conductors in addition to the normal 
e.m.f. due to rotation in the field, which will either add to or sub¬ 
tract from this normal e.m.f. depending on whether the load is 
decreasing or increasing. If the variation in load is sudden, as 
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•with a short-circuit or an interruption of the load current by a 
circuit-breaker, this additional voltage may become high enough 
to cause “flashing over.” By “flashing over” is meant the 
bridging of the space from one brush holder to another by an 
arc. On large high-voltage machines this flashing over may 
result in serious damage. The use of the compensating winding 
elinainates this cross flux and reduces materially the tendency of 
D.-C. machines to flash over. 



Fiq. 83.—Yoke of machine with interpoles and componButinK wimliiiKH. 

86. Saturation in Commutating Poles.—In Chap. V is giv(in 
an analysis of the methods by which magnetic leakage is ealeu- 
lated. It is there shown that the maximum flux in the main pole 
may be 15 to 25 per cent greater than the useful flux. It 
is evident that if we apply the same methods of analysis to 
conunutating poles a much Wgher leakage factor will bo found for 
the commutating pole. Leakage in the commutating poles will, 
of course, vary with load, and at maximum loads the leakage 
alone may work the base of the commutating pole to a point up 
near the saturation of the iron. To reduce this effect to a mini¬ 
mum, the density due to useful flux in the commutating pole is 
usually kept to a low value (see Art. 83 p. 102). In spite of 
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this low density of useful flux, saturation often occurs in the 
commutating pole due to leakage. Saturation will, of course, 
prevent the useful flux from being proportional to m.m.f. on 
the commutating pole and sparking may result under heavy 
loads. To avoid this saturation, the commutating pole is often 
made tapered so as to have a larger cross-section near its base. 
Only an analysis of each individual case will tell whether such 
tapering is necessary. 

87. Volts per Bar.—Owing to the absence of perfect functioning 
of the commutating pole for reasons set forth in Arts. 80 and 86, 
it has been recognized in practice that there is a limi t to the maxi¬ 
mum reactance voltage that may be permitted in D.-C. machinery. 
Since there is a more or less definite relation between 
reactance voltage and average volts per bar, it follows that there 
is a limit to the permissible average volts per bar. 

The relation between average volts per bar and reactance 


volts is as follows: The voltage between brushes = Z4>a X 

dO 


poles 

paths 


and the number of commutator segments between 
8 


brushes is - where 8 is the total number of commutator bars. 
V 

Therefore, the average voltage between commutator bars 

Since Z = 2T8 and <^a = BgxI/rLc, the average volts per bar 

= iTSBArL. X X X 10-. 

60 paths 8 

The reactance voltage = 0.93 X 8 X r.p.m. X Ic X Lc X 

X glfi X 'n-' <"» 


'Fherefore the ratio 


average volts per bar 
reactance voltage 

0.93 S r.p.m. IJL.T^ 10-*^ 
paths S' 


S'BgXl/pr _ 
2SSIcf “ 


If we take q as the ampere conductors per inch of periphery of 
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varies from about 2.5 for large 


7T, 

the armature, then g = —since Z = 2TS and vD * 

rp. If we substitute this value of g, the ratio 
average volts per bar ^ 
reactance voltage 14g ' 

Nil of the factors appearing in formula (14) arc nearly constant. 
For commutating pole designs, Bg has a maximum value of about 
60,000 for large machines and drops to about 45,000 for small 
machines, about 0.65 and g varies from a maximum of about 
1100 in large machines (above 1000 kw.) to perhaps 500 in small 
machines (below 10 kw.) 

The ratio ^ varies from about 2.5 for large 

reactance voltage 

machines to about 4 for small machines. 

Tj. • • j i XV X XV X- maximum volts per bar , , 

It IS evident that the ratio-- depends on 

average volts per bar ' 

the field form. At no load when the field is not distorted, the 

field form will have very nearly the shape of the curve D, li’ig. 

54. When load is applied, the field flux increases under one pole 

tip and decreases under the other causing it to become distorted 

as in F, Fig. 54. The greater the armature current, the greut(‘r 

the field distortion. Curve F, Fig. 54 and curve C, h'ig. 59, 

show approximately the field distortion that may bo expc^etcfd 

under full load in a non-commutating pole design and a (iommu- 

tating pole design, respectively. In practice, under full-load fi<4{l 

XV.. «„x;.. maximum volts per bar . , , , 

distortion the ratio -—J , ■ - varies from about 

average volts per bar 

1.7 to 1.9 averaging 1.8. 

When compensating windings are used, the distortion of the 
field due to armature current is almost entirely eliminated and 
the field form remains approximately like that shown at D, 
Fig. 54, under all loads. In compensated machines, theri^fore, the 
maximum volts per bar . , , , , 

ratio average volts per bar ^ and <Ioes not 

change materially with load. 

In practice the following values of maximum volts per bar, 
average volts per bar, and reactance voltage arc not usually 
exceeded. 


Maximum Avbuacijo Volth 
Volts pb» Bak pbhBah 


Commutating pole machines (full load) 30 14 to 16 

Compensated machines (full load).30 18 to 20 


R»a<*tancm 
VoLTAtJH 
PBIt HaK 

3.5 to 6 

4.5 to 8 
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The upper limit of reactance voltage per bar applies to large 
machines (1000 kw. and above) and the lower, to small machines 
(below 10 kw.) For large very high-speed machines—such as 
those direct-driven by steam turbines—it may become necessary 
to exceed the limits of the above table. In such cases extreme 
care must be taken that the commutating conditions are the' best 
possible that can be secured by design, minimum number of 
conductors per slot, and a design of commutating pole that will 
avoid saturation with load to a maximum degree. 



CHAPTER X 

EFFICIENCy AND LOSSES 


88. The Efficiency of a generator 


and that of a motor 


output 

input 


output ^ output 
input output + lotwes 
input — loHScs 
input 


whonj tho 


losses are: 

а. Mechanical losses—windage, brush, and bearing friction. 

б. Iron losses—hysteresis and eddy-current losses. 

c. Copper losses in field and armature coils. 

d. Commutator contact resistance loss. 

e. Load losses. 

These various losses may be discussed more in detail as follows: 

89. Bearing Friction.—In a high-speed bearing with ring 
lubrication there is always a film of oil between the shaft and the 
bushing; bearing friction is therefore an example of fluid friction 
and the tangential force at the rubbing surface in such a (!!lS(^ == 
kAbVh" lb., where A is a constant which depends on llui vis¬ 
cosity of the oil and is found by experiment to bo « (),0.S(> for 
bearings with ring lubrication using light machine oil. 

At, is the projected area of the bearing in s(iuare inclu's = 
(the bearing diameter db in inches X the bearing hmgth h, in 
inches); 

Vb is the rubbing velocity of the bearing in feet per minnt.(‘; 

n is found experimentally to vary from 1 for low valutas of I'l, 
to 0 for very high values and is approximately = 0.5 for Ix'aring 
speeds from 100 to 1000 ft. per minute. 

For moderate speed bearings with ring lubrication .and with 
light machine oil the force of friction = 0.03(L'1 pounds 
and the friction loss = O.OSOAftFi,?* ft.-lb. per minute 


= O.Sldfcli, watts. (15) 

It is important to notice that this loss is independent of the 
bearing pressure and is therefore independeht of the load. 

As the pressure on the bearing increases the thickness of the 
oil film decreases and at a certain limiting pressure it breaks 


no 
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down and the bearing seizes. For electrical machinery the 
bearing pressure = load ^ should not exceed 80 lb. per 

A.J) 

square inch when the machine is carrying full load, such a bearing 
will carry 100 per cent overload without breakdown. 

The ‘bearing loss increases rapidly with the rubbing velocity 
and after a certain velocity has been reached the bearings are no 
longer large enough to be self-cooling. For self-cooling bearings 
the rubbing velocity should not exceed 1000 ft. per minute 
unless the bearing is specially designed to get rid of the heat, and 
even this value should only be used for machines which are built 
so that a large supply of cool air passes continuously over the 
external surface of the bearing. The bearings of totally enclosed 
motors, for example, are poorly ventilated and should not be run 
with a rubbing velocity greater than about 800 ft. per minute. 

The thickness of the oil film in a bearing varies inversely as 
the temperature of the oil, and this temperature should not 
exceed 70°C. when measured by a thermometer in the oil well 
90. Brush Friction.—If 
n is the coefficient of friction, 

P the brush pressure in pounds per square inch, 

A the total brush-rubbing surface in square inches, 

V, the rubbing velocity in feet per minute, 
then the friction loss = /iPA F, ft.-lb. per minute. 

Approximate values found in practice are: 
n = 0.28 and P = 2 lb. per square inch, for which values the 


friction loss = 1.25 A-j^q^ watts. 


(16) 


91. Windage Loss.—It is difficult to predetermine this loss 
but, up to peripheral velocities of 6000 ft. per minute, it is so 
small that it may be neglected. Figure 84 shows the windage and 
bearing friction loss of a motor which has an armature diameter 
of 100 in. and three bearings each 10 by 30 in. The circles show 
the actual test points and the curve shows the value of the bear¬ 
ing friction loss calculated from the formula, friction loss = 

3 X 0.81 X dbX watts. At a speed of 230 r.p.m. the 

peripheral velocity of the armature is 6000 ft. per minute, up to 
which speed the windage loss can be neglected; at higher speeds 
it becomes large because it is. proportional to the (peripheral 
velocity)^. 
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Few electrical machines except turbo generators are run at 
peripheral speeds greater than 9000 ft. per mmute, because the 
cost increases very rapidly for Wgher speeds on account of the 
special construction required to hold the coils against centrif- 



Fig- 84.—Windage and friction loss in a largo mol-or. 


92. Iron Losses.—It may be seen from Fig. 85 that the fhix in 
any portion of the armature of a D.-C. machine goes through 
one cycle while the armature moves through the distance of two 



Fig. 85.—Distribution of flux in tho armaturo. 


pole pitches; that is, the flux in any portion of the armature 
passes through ~ cycles per revolution, or through g X 
cycles per second. 
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The iron losses consist of the hysteresis loss which = KB^'^fW 
watts, and the eddy-current loss which = K,{Bft)W watts 
where K is the hysteresis constant and varies with the grade 
of iron, 

Kt is a constant which is inversely proportional to the 
electrical resistance of the iron, 

B is the maximum flux density in lines per square inch; 
/ is the frequency in cycles per second, 

W is the weight of the iron in pounds, 
t is the thickness of the core laminations in inches. 
The eddy-current loss can be reduced by the use of iron which 
has a high electrical resistance. At present, however, most of the 
grades of very high-resistance iron have a lower permeability 
than those of lower electrical resistance; they also cost more and 
are more brittle; machines built with such iron are liable to have 
the teeth break off due to vibration. The reduction in the 
total loss by the use of high-resistance iron is not so great as 
one would expect, because a large part of the loss is due to losses 
discussed in the next article and these are not greatly affected 
by the grade of iron used. 

The eddy-current loss can be reduced by a reduction in t, the 
thickness of the laminations; this value is generally about 0.014 
in. for frequencies above 40 cycles per second and 0.025 in. below 
that frequency. 

93. Additional Losses.—Besides the ordinary hysteresis and 
eddy-current loss already mentioned there are additional losses 
which cannot be calculated, due to the following causes: 

(a) Loss due to filing of the slots. When the laminations 
that form the core have been assembled it will be found that in 
most cases the slots are rough and must be filed smooth in order 
that the slot insulation may not be cut. This filing burrs the 
laminations over on one another and provides a low-resistance 
path through which eddy currents can flow; that is, it tends to 
defeat the result to be obtained by laminating the core. 

(b) Losses in the spider and end heads due to the leakage flux 
which gets into these parts of the machine; these losses may 
be large because the material is not laminated. 

(c) Loss due to non-uniform distribution of flux in the arma¬ 
ture core. When calculating the value of B,., the flux density 
in the core, page 48, it is assumed that the flux is uniformly 
spread over the core area. This however is not the case and 
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the actual flux distribution is shown in Fig. 85; the lines of 
force take the path of least reluctance and therefore crowd in 
behind the teeth until that part of the core becoincs saturated, 
then they spread further out. Due to this conciontration of 
flux, the core loss, which is approximately proportional to (dux 
density)*, is greater than that got by assuming that the flux 
distribution is uniform through the whole depth of the core. 

It is sometimes possible to increase the core depth so as to 
keep the apparent flux density in the core low and y(^t malui no 
perceptible reduction in the core loss, because the increased d(>pth 
of core does not carry its proper share of the flux; for this rciason 
there is seldom much to be gained by making tlx* valiu' of 
Be less than 80,000 lines per squaie inch, which is near th(' point 
at which saturation begins and the flux tends to beconu^ uniform. 

(d) Pole-face losses. Figure 44 shows the ilistribution of flux 
in the air-gap of a D.^C. machine and, as the armature rc'volves 
and the teeth move past the pole face, e.m.fs. will b(> induced 
which will cause currents to flow across the* pole fiux‘. Mxpt'ri- 
ment shows that when solid polo faces are used the loss du(^ l,o 
these currents increases very rapidly as the slot opeming Is'cenu's 
greater than twice the length of the air-gap; when tlu' slot, optui- 
ing a are wider than this the pole face must lx; lamin!il.ed. 

(c) Variation of the iron loss with load. It is shown in t'ig. 
54 and Fig. 59 that, when the machine is loaded, th(' (lux density 
is not unifrom in all the teeth under the i)ol(‘ buf. is high(‘r at 
one pole tip than at the other. The elTecd. of tlx* incn>as(‘ of 
flux density in the teeth under one i)ole tip in increasing tlx' iron 
loss is greater than the effect of the decncxise of (lux dc'iisKy in 
the teeth under the other tip in reducing (.Ix^ iron loss. 

(/) Eddy-current losses in armatun! coixluctors. Some (lux 
from the field passes into the arinatur<i by way of (.lx* slot, 
instead of the teeth; the proportion that so pa..ss<‘s evidently 
increases as the degree of tooth saturation iixin'ases. ;\s (his 
leakage flux in the slot varies, it sots up cxldy curnmts iti the 
armature conductors giving rise to an additional loss. VVIxm 
the field form distorts under load, the maximum vahxi of flux 
density is thereby increased (as noted in (c) above;) and tlx; 
leakage that takes place through the slot is veuy consid<;rably 
increased. This in turn causes a larger amount of txldy-current 
loss in the armature conductors under load than occurs at no 
load. 
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Items (d))f (e), and (/), above discussed, are all larger under 
load than at no-load nad are kpown as '4oad losses.'' 

94. Calculation of Core Loss.—Due to the additional losses 
it is impossible to predetermine the total core loss by the use 
of fundamental formulae; core loss calculations for new designs 
are based on the results obtained from tests on similar 
machines built under the same conditions. Such test results are 
plotted in Fig. 86 for machines built with ordinary iron of 
a thickness of 0.014 in., the slots being made with notching 
dies so that a certain amount of filing has to be done. The 
curves of Fig. 86 are for the iron alone; to include pole-face losses, 
about 30 per cent should be added to the values in Fig. 86. 


10 15 20 25 80 


Cycles .per Second 
40 50 60 



“Watts per Lb, 

Fnj. 8().—Iron loss curves for revolving inuohiiiory. 

It should be further understood that the values given in Fig. 
86 are not to be taken as accurate for all conditions, since the 
actual loss will depend very largely on the amount of filing of 
slots. They give fair average values only. 

Example of Calculation .—For the machine shown in Fig. 46 the value of 
Baij the actual flux density in the teeth, and the average flux density in 
the core are given in Art. 50. 

Bat = 145,000 linos per square inch. 

Be = 88,500 lines per square inch. 

Wt, tho total weight of the armature teeth « 396 lb. 

Wcf the total weight of the armature core = 1510 lb. 
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The frequency = 20.83 cycles per second. 

The loss per pound of teeth «• 7.5 watts (from Fig. 86). 
The loss per pound of the core = 2.6 watts (from Fig. 86). 
The total loss = 396 X 7.5 + 1610 X 2.5 = 6760 watts. 


96. Armature Copper Loss.—The resistance of copper at the 
normal operating temperature of an electric machine is approxi¬ 
mately 1 ohm per circular noil cross-section per inch length, so 
that if 


Z is the total number of conductors, 

Lb is the length of one conductor in inches, 

M is the cross-section of each conductor in circular mils, 
Jc is the current in each cohductor in amperes. 


then the resistance of one conductor in ohms 



the loss in one conductor in watts “ ^ X 

and the total copper loss in the armature in watts — ^ ^ A * (I «'>) 
The value of Lb = 

1.35 (pole pitch) + (armature axial length) + 3 in. 
approximately for the type of coil shown in I'Mg. 39, page 39. 

98. Shunt Field Copper Loss.—This loss, which = JiJ/ wat(.s, 
where Et is the terminal voltage of the machine and //is (,h(^ 
current in the shunt coil, is made up of the loss in field coils 
and the loss in the field rheostat; the latter for a gejierator is 
about 20 per cent of the total shunt field loss. 

97. Series Field Copper Loss.—This loss = IJJt. waits, wh<>r<i 
R, is the resistance of the series field in ohms and /„ l,he total 
armature current. When a series shunt is usc'd, so that. part, of 
the current 7„ passes through the aeries field aiul the nmnunder 
passes through the shunt, the resistance R, is tlu^ combined 
resistance of the series field and the series shunt in pnralhfl. 

98. Brush Contact Resistance Loss.—This loss has alrt>ady 
been discussed in Art. 68, page 83, and = E,,I„ watts, wlau-e hh 
is the voltage drop per pair of brushes and /„ is the armatiin! 
current. The volts drop per pair of brushes is approxima1,('ly 
constant over a wide range of current, as shown in h’ig. 70. 

99. A. I. E. E. Standard Rules on Efficiency.—The Aincri(tan 
Institute of Electrical Engineers has through its Standards 
Committee recommenced practices an.l methods for the determi¬ 
nation of the efficiency of D.-C. machinery. The following’’is 
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quoted from the report of the A. I. E. E. Standards Committee 
on D.-C. machines issued in July, 1925: 

EFMCIENCy 

General 

6—360 Efficiency Defined.—The efficiency of a direct-current commu¬ 
tating machine is the ratio of the useful power output to the 
total power input. 

6-361 Methods of Determining Efficiency Recognized.^'—The follow¬ 
ing methods of determining efficiency are recognized as standard: 

(a) Directly Measured Efficiency ,—The efficiency is obtained from 
simultaneous measurements of input and output or by an accu¬ 
rate determination of all the component losses. 

(/;) Conventional Efficiency ,—The efficiency is obtained from the 
component losses, most of which are accurately determinable and 
the remainder of which are assigned conventional values; or all 
of the losses may be determined by conventional methods of test. 
The efficiency determined in this way is the ratio of the output 
to the sum of the output and the losses, or of the input minus the 
losses to the input. 

6-362 Method of Detennining Efficiency to Be Employed.—Unless 
otherwise specified the conventional efficiency shall be employed. 
Efficiency Determined by Measurement of Input and Output 
6-363 Methods of Test.—Efficiency by measurement of input and 
output shall bo determined according to one of the following 
methods: 

(a) Input and output arc measured simultaneously at the 
terminals of the machine by means of electrical measuring 
instruments. 

Q)) The mechanical power is measured by means of brake or 
dynarnometcu’, the electrical power by me ans of electrical measur¬ 
ing instruments. 

(c) The mechanical i)ower is measured by means of a calibrated 
auxiliary machine, the electrical power by means of electrical 
measuring instruments. 

1 In other than small ma(;hinc^s determinations of efficiencies by (a) are 
impracti(jal uid(\ss resort is madci to expensive measurements. 

The use of the conventional efficiency is recommended. Most of the 
losses are accurately measurabl(\ Those to which conventional values are 
assigned are so closely approximated that the percentage of error in the 
determined efficiency is small. The high efficiency generally attained in 
electrical machines renders an error in the measurement or estimation of 
one or more of the losses of much less effect on the efficiency as obtained by 
the conventional method than would an error of like magnitude in the meas¬ 
urement of the total input and output. 
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6-564 Measurement of Mechanical Power.~'M<^(^h^lIU<^al power 
delivered by;machines shall be uicaHurod at th(^ pulley, or 
coupling, on the rotor shaft, thus excluding the loss of pow(jr in the 
belt or gear friction. 

6-366 Normal Conditions for Efficiency Test. 

(а) Voltage and Speed.—The efficiency shall bo nioasurod at the 
rated voltage and speed. In the case of adjustabh^ sjxuid motors 
the base speed shall be inferred unless otherwise spt'cified. 

(б) Load. —When the efficiency is stat(xl without spo<‘i[i<‘. n^fer- 
ence to the load conditions, rated load shall be und(u*stood and the 
test made at rated load. 

(c) Temperature. —The efficiency shall bo moasunxl ati, as luiarly 
as possible, the final temperature attained at op(»ration, for the 
time specified in the rating, under the conditions of (a) arid (fd 
above. 

6-366 Miscellaneous Losses. 

(а) Field-rheostat Losses. —All losses due to fiold-rh(x»stut.s <‘ithor 
series or multiple connected shall he included iu tlu^ d(*i.(‘nni- 
nation of the efficiency even when the mac^hiiK^ is s(‘parat(^ly 
excited. 

(б) Ventilating Bloioer. —When a blower is suppli(‘d as |)a.rt of a 
machine set, the power required to drive it shall Ix' charged against 
the complete unit, but nut against the niaehitu* alon(\ 

(c) Other Auxiliary Apparatus. —Auxiliary apparatus, such as a 
separate exciter for a generator or motor, shall ha.v(^ its losst^s 
charged against the plant of which th(^ g(Mi<n*ator and (»xcit,<‘r arci 
a part, and not against the generator. An cxc(‘ption should be 
noted in the case of turbo-gcncrator sets with dir<‘ct-eomj(‘ei<‘d 
exciters, in which case the losses iu th(^ (^x<*it(M* sliall be e!jarg(‘d 
against the generator. The actual energy of exeitalion and the 
field-rheostat losses, if any, shall be (^hargcul against. t.h(‘ gcMKU’ator 

Conventional Efficiency 

6-367 Normal Conditions for Efficiency Tests and Calculations. 

(a) Voltage and Speed. —The elliciency shall Ix^ (lel(‘rmin(Ml for 
the rated voltage and speed. In the (!ase of adjustabh* sjxxxl 
motors the base speed shall be inferred unless oth(‘rwis(^ sp(x*ili<‘d. 

(b) Load.—When the efficiency is stated without sptadfic n^lVnan^e 
to the load conditions, rated load shall he uiaha-stood. 

(c) Temperature of Referetwe. —The eflicaency of all apparatus at 
all loads shall be corrected to a reference tomp(‘ratur(j of 75° i). 
but tests may be made at any convenient cooling air tenqx^ra- 
ture preferably not less than 10° C. 

5-368 Classification of Losses.—^Losses are classified as siiown in 
the following table: 
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Classification of Losses 


Accurately 

measurable 

Approximately 
measurable or 
determinable 

Indeterminable 

No-load core losses in¬ 
cluding eddy-current 
losses in conductors at 
no-load 

Brush friction loss 

Iron loss due to flux 
distortion 

Load PR losses in 
windings 

No-load PR losses in 
windings 

Brush-contact loss 

Eddy-current losses in 
conductors due to trans¬ 
verse fluxes occasioned 
by the load currents 


Losses due to windage 
and to bearing friction 

Eddy-current losses in 
conductors due to tooth 
saturation resulting 
from distortion of the 
main flux 



Tooth-frequency losses 
due to flux distortion 
under load 



Short-circuit loss of 
commutation 


6 '369 Losses to Be Considered.—Convontioiuil ollicieiicies shall be 
))as(i<l upon the following losses: 

(a) r'H losses in arnuiture and field windings. (Paragraph 
6-361.) 

(b) Hearing friction and windage losses. (Paragraph 6-362.) 

(c) Brush friction loss. (Paragraph 6-363.) 

(d) Core loss. (Paragraph 6-364.) 

(e) Brush conta(‘-t loss. (Paragraph 6-366.) 

(f) Stray load losses. (Paragraph 6-366.) 

(g) Misc(illanoous losses. (Paragraph 6-367.) 

6-360 Determination of Losses.—Tjosses shall be measured, calculated 
or conventionally taken as specified in paragrai)hs 6—361 to 5-367 
inclusive. 

6-361 I2R Losses.—The PR losses shall be based upon the current 
and the measured resistance, corrected to 75 deg. cent. 

6-362 Bearing Friction and Windage: 

(a) General ,—Drive the machine from an independent motor, 
the output of which shall be suitably determined. The machine 
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under test shall have its brushes removed and shall not be excited. 
This output represents the bearing friction and windage of the 
machine under test. 

(b) Engine-typeOenerators.—In the case of engine-type generators, 
the windage and bearing friction loss is ordinarily very small, 
■ amounting to a fraction of one per cent of the output. This 
loss be neglected owing to its small value and the difficulty 
of measuring it. 

6-363 Brush Friction of Commutator and Collector Rings. 

(a) Drive the machine from an independent motor, the output 
of which shall be suitably determined. The brushes sluill l)o in 
contact with the commutator, but the machine shall not bo extutod. 
The difference between the output obtained in the tost in para¬ 
graph 6-362 and this output shall be taken as the brush fricstion. 
The surfaces of the commutator and brushes should bo smooth 
and polished from running when this test is made. 

(b) Experience has shown that wide variations arc obtaim^d 
in tests of brush friction made at the factory before the commu¬ 
tator and brushes have received the smooth surfaces that (roinc 
after continued operation. Conventional values of brush friction, 
representing average values of many tests, shall be us(i<l, as 
follows: 

Watth i»mk Sun Alin iNrii ok 
Hruhh Contact HuitKAcn 
PBii 1000 Ft. i*i«h Minijtm 
PujtlPHlCltAL Sl’lOKl). 


Carbon and graphite brushes. S.O watts 

Metal graphite brushes. 6.0 watts 


In the event that these conventional values are (pawtioiKMl in 
any case, the brush friction shall bo measured as in (a) above'. 

Where the actual values of the brush friction loss for a giviMi 
kind of brush for a certain application have boon accuratc^ly d(‘t(‘r- 
mined these values may be used in similar cases. 

6-364 Core Losses.—Drive the machine from an indepondcMit motor, 
the output of which shall bo suitably determined, "riie bruslu's 
shall be in contact with the commutator and the nuudurn^ shall 
be excifed, so as to produce at the terminals a voltage (^orrc'sponding 
U) the calculated internal voltage for the load under eonsi(I<n’ii<.ion. 
The difference between the output obtained by this tost and that 
obtained by test under paragraph 6-363 (a) shall be taken as tlu^ 
core loss. 

It is also recognized practise to determine the core loss hy 
driving the machine with only one brush on each stud in conta(di 
with the commutator and taking the difference of the losses of the 
machine unexcited and excited as above. 
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5- SSS Brush Contact Loss.— A total drop (of positive and negative 

brushes) of 2 volts shall be assumed as the standard drop in deter¬ 
mining brush-contact loss for carbon and graphite brushes with 
pigtails attached. A total drop of 3 volts shall be assumed where 
pigtails are not attached. One-quarter of one volt for each 
collector ring shall be used at all loads in calculating the brush 
contact loss for metal-graphite brushes. 

6- 366 Stray Load Losses.—The stray load losses include the items in 

the column of the table in paragraph 6-368 headed “Indetermin¬ 
able,^’ Vor calculating the conventional efficiencies of direct- 
current generators and motors stray load losses shall be taken as 
one per cent of the output except that for motors of 200 h.p. at 
575 rev. per min. and smaller, no value has yet been assigned, 
and for the present stray load losses shall be omitted. 

6-367 Miscellaneous Losses. 

(a) Field Rheostat Losses. —All losses due to field rheostats either 
series or multiple connected shall be included in the determi¬ 
nation of the efficiency even when thqmachine is separately excited. 

(b) Ventilating Blower. —When a separately driven blower supplies 
air to a machine set the power required to drive it shall be charged 
against the compkito unit but when one or more separately 

. driven blowers supply air through a single duct to two or more 
machines the power reciuirod to drive the blower or blowers shall 
be cliurged against the plant or station and not against the 
machine s(5t. 

(c) OUwr A uxiliary Apparatus. —Auxiliary apparatus, such as a 
sep^lr^lt(^ ex(;it(U’ for a generator or motor, shall have its losses 
charg(ul against the plant of which the generator and exciter are a 
l)art, and not against the generator. An exception should be 
not(Kl in tlie case of turbo-generator sets with direct-connected 
exciters, in which ease the losses in the exciter shall be charged 
against tlie generator. The actual energy of excitation and the 
field-rli(v)stat losses, if any, shall be charged against the generator. 

6-368 Other Recognized Methods of Determining Losses. 

Running Light Method.—Hhoi machine is run at no load as a motor 
and the ini)ut measured. This input, after deducting any series 
losses, represents the sum of the losses, which shall be 
regarded as constant, discussed in paragraphs 6-362, 6-363 and 
6-364. The losses at any load may be obtaned by adding to these 
constant losses the Mi losses based upon the current and measured 
re^stance, the brush contact losses, the stray losses, and the 
miscellaneous losses. 
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HEATING 


100. Cause of Temperature Rise.—The losses in an ehictricol 
machine are transformed into heat; part of this heat is dissipated 
by the machine and the remainder, being absorbed, causes the 
temperature of the machine to increase. The tenijxjrature 
becomes stationary when the heat absorption bccoiiies sero, 
that is when the point is reached where the rate at which lufat is 
generated in the machine is equal to the rate at which it is 
dissipated. 

101. Maximum Safe Operating Temperature.—The highest 
temperature at which it is safe to operate D.-C. niachiiK'iy 
depends on the type of insulation used; description of typ<is of 
insulation is covered in Chap. IV. 

The A. I. E. E. Standards Committee have candidly consid¬ 
ered this matter of the maximum safe operating temperature 
and their latest (July, 1925) rulings for D.-C. inaehiiu'ry are as 
follows: 
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Temperature Limitations 

6-160 Limiting Temperature Rise for Machines Having Continuous 
and Short-time Ratinp.— The tcinpiirature risi^ of ciicli of tho 
various parts, above the temperature of the (iooling iiKMliiiiii wiien 
teted in accordance with the rating, sliall nol, exceed the valiu'S 
given in the following table. All tempemtunw shall be (lel.enniii('(l 
by the Thermometer Method. 

6-162 Machines Having Two Kinds of InsuIation.-rf dilTi'rent insulat¬ 
ing materials are used on various parts of one winding (for instance 
m the slot and for the end windings) tho teinperatum of each 
material shall not exceed the limit set for tliat material. 

When insulation consists of layers of materials having iliffermit 
temperature limits (for instance high-temperature limit material 
adjacent to the copper and lower-tompcraluru limit material 
adjacent to the iron or to the air) the temperature of each material 
shaU not exceed the limit set for that material. 
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Ldmiting temperature rise deg. cent.^ 
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present time towards revising its Rules for this class of machinery. 

* These limits for the temperature rise of commutators and collector rings apply where Class O, A or B insulation, respectively, as the case may 
be is employed in the commutator, or is adjacent thereto and its life would be affected by the heat from the commutator. It is recognized that the heating 
of the commutator could correspond to Class B even if the slot insulation were of Class O, on condition that the insulation of connections were not affected 
by the heating ot the commutator. 











124 


ELECTRICAL MACHINE DESIGN 




dy^ 


102. Temperature Gradient in the Core of an Electrical 
Machine.—^Figure 87 shows an iron core built up of laminations 
that are separated from one another by varnish. In this core 
there is an alternating magnetic flux and the loss in the core for 

different flux densities and for different 
frequencies can be found by the help of 
curves in Fig. 86, page 115. 

The hottest part of the core is at A 
and the heat in the center of the core 
has to be conducted to and dissipated 
by the surfaces B and C. 

In order to have an idea as to the 
relative heat resistances of the paths 
from A to the surfaces B and (7, consider 
th^following propositions: 

(a) Assume that all the heat passes 
in the direction F, then the watts cross¬ 
ing 1 sq. in. of the core at y « (watts 
per cubic inch) X y and since the 
difference in temperature between 
two faces a distance dy apart = 


I^a. 87.—The heat paths in 
an armature core. 


(watts per cubic inch) 2 /^ 2 / 


1.1 


degrees Centigrade, wluin^ 1.1 is the 


^ Tab 


uriace n 

■I 


thermal conductivity of iron in watts per 1-in. cube per I ° ^ diller- 
ence in temperature,^ therefore, the difference in teinperatun^ 
between A and surface B 

O^ts per cubic \nc\\)y<ly 
i.i 

ya 

= (watts per cubic inch) ^ deg. ( 

A. A 

(6) If the heat were all conducted in tlio dinsetion A' th<ui, 
since the conductivity of a core along tlio laminations is from 
forty to one-hundred times as great as that across <,lu‘ lamina¬ 
tions and layers of varnish, the difference in temperature Isitwcsm 
A and surface C would be 

= Too = (watts per cubic inch) deg. (!. 


1 The value for thermal conductivity of iron here given i.s tliat for tluj usual 
grade of iron used in D.-C. machinery. For wrought iron, this value would 
go up to 1.5 and for high silicon steel, down to 0.4. 
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(This assumes that the thermal conductivity across the 
laminations is sixty times that along them—a fair average value.) 

Example .— When the frequency is 60 cycles and the flux density is 75,000 
lines per square inch then the watts per cubic inch = 2.3 and 

Tab = 1.047^ deg. C. 

Tac = 62.4X2 deg. C. 

The fact that the conductivity along the laminations is so 
much better than that across the laminations would indicate that 
axial ventilation, whereby air is blown across the ends of the 
laminations, is the most effective. In practice, however, nearly 
all electrical machines are cooled by means of radial vent ducts, 
and, in order to discuss intelligently the effect of such ducts, it 
is necessary to find out the heat resistance between the surfaces 
5, C, and the air. 

When air is blown across the surface of an iron core at V ft. 
per minute, the watts dissipated per square inch of radiating 
surface for 1° C. rise of the surface temperature is found by 
experiment to be = 0.01 + 0.000025 

If then, as in case (a), all the heat in the core has to be dis¬ 
sipated by surface J5, the difference in temperature between sur¬ 
face B and the air = Tb 

_ watts per square inch on surface B 

..0.01 + 0.000025 F 

(watts per cubic inch) Y 
■" 0.01 + 0,000025F 

Similarly in case (6), where it is assumed that all the heat is 
dissipated by surface C, the difference in temperature between 
surface C and the air == Tc 

_ (watts per cubic inch) X 
^OTOl+~O.Ob0025F 

Where X — 1.5 in., and for a value of 1 watt per cubic inch, the 
following tables show the values of Tab, Tar, Ti, and Tc for dif¬ 
ferent values of X and of F. 

If all the heat be taken across the laminations and dissipated 
at surfaces C, Fig. 87. 

1 This relation for watts dissipated against air velocity is the same as 
that shown in curve form in Fig. 62. It should not be understood, however, 
that this relation is rigidly fixed and holds for all conditions. There are 
many inconsistancies in the known laws governing the escape of heat from 
hot bodies by forced con’-ection; the relationship here given is the best the 
writer knows of. 
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X 

r 

V » 1000 

V « 10,000 

Tae 

T. 

Tac "h Te 

^ae 

T. 

7'o. + Tc 

1.5 

1.5 


43 

104.5 

61.5 


MBKH 

1.5 

3 


43 

104.5 

61.5 



1.5 

6 

61.5 

43 


61.5 1 

5.8 


1.5 

12 

1 61.5 

43 

104.5 

61.5 1 

5.8 1 

■iil 


If all the heat be taken along the laminationH and dissi¬ 
pated at surfaces B, Fig. 87. 


X 

Y 

V « 1000 

V - 10,()()() 

Tab 

Tb 

Tab + Tb 

Ta 

Tb 

Tab "f- Th 

1.5 

1.5 

1 

43 

44 

1 

5.8 

0 8 

1.5 

3 

4.1 

86 

90.1 

4.1 

11.(5 

15 7 

1.5 

6 

16.3 

172 

188.3 

16.3 

23.2 

»!» T) 

1.5 

12 

65.5 

344 

409.5 

(55.5 


111 f) 


This analysis shows that only with relatively shallow conis is it 
possible to consider dissipating the heat at the edges of th(i Ijuiii- 
nations, unless air velocities become much higher than it is possil)I(^ 
to run in ordinary machines. In spite of the much higlair th(u-mal 
resistance across laminations, it is therefore necessary to dcisign 
so that the heat is conducted across the laminations and 
dissipated at the ventilating ducts. 

In the first table above, if it is desired to reduce internal 
temperatures, this may be done either by reducing the watts per 
cubic inch of iron or by reducing the thickiu'ss of the iron pack¬ 
ages. In the second table, re<lucing the tliickncws of the iron 
packages has no effect and with deep cores proper cooling 
becomes impossible. 

103. Limiting Values of Flux Density. 

The peripheral velocity of a machine in feet per minute. 


wDa 

12 


X r.p.m. 


— v P X r.p.m. 
p ^ 12 

= 10 X T X / in ft. per minute; (18) 

therefore, for a given frequency, the peripheral velocity of a 
machine is proportional to its pole pitch. 
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For a given axial length of core, the longer the pole pitch the 
greater the flux per pole, and the deeper the core to carry this 
flux. 

Where the peripheral velocity of a machine is low, the core is 
shallow, the vent ducts have little effect on account of their small 
radiating surface, and the ventilation is poor; the loss, however, 
is small because there is not much iron in the core. 

Where the peripheral velocity is high the core is defep, the vent 
ducts are very effective on account of their large radiating sur¬ 
face, and the ventilation is good; the loss, however, is large since 
much iron is used in the core. 

For a given frequency the same flux densities can be used for 
all peripheral velocities. The following flux densities may be 
used for D.-C. machines built with iron 0.014 in. thick, the rela¬ 
tion between core loss and flux density being as shown in Fig. 86. 


Frequency 

Flux density in teeth 

Flux density in core 

(cycles per second) 

(lines per square inch) 

(lines per square inch) 

30 


90,000 

40 


75,000 

60 


66,000 


Core densities higher than 85,000 lines per square inch are 
seldom used, even for frequencies that are lower than 40 cycles, 
because at these densities the core becomes saturated and the 
cost of the extra field copper required to send the flux through a 
saturated core is greater than the cost of the extra iron recpiired 
to keep the core density below the saturation point. There is. 
no such objection, however, to high tooth densities because a 
machine with saturated teeth and a short air-gap is just as 
effective in preventing field distortion as a machine with unsatu¬ 
rated teeth and a long air-gap (see Art. 57, page 65) and docs not 
require any more excitation. 

104. Heating of the End Connections of the Winding.—The 
end connection heating must be taken up separately from that of 
the core because the kind of radiating surface is different and also 
the manner in which it is cooled. 

Since the resistance of copper is 1 ohm per circular mil per 
inch the copper loss in the end connections of one conductor 

== watts. 
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and the total copper loss in the end connections 
= watts. 

The surface by which this loss is dissipated 
vDa X 2Xe sq. in. (see Fig. 88). 

= vDa X j-Q sq. in. 

since L„ as shown in Pig. 88, is approximately equal to 1 .(i X 2Xc 
for standard machines, therefore the watts per sciuarc. inch 

- 2 V 

M ” ^irbaL, 

ampere conductors per inch ^ 

= - 1 . X a constant. 

circular mils per ampere 



The temperature rise of the end coniK^ctions is proportional to 
the watts per square inch of radiating sur^a(^(^ it is <h(*r(»rorc 

.. IX XU i.* ampere coinluctors p(»r inch „ , 

proportional to the ratio ‘ juid is lonnd 

circular mils j)er ampi'n^ 

from the curve in Fig. 89. 

106. Temperature Gradient in the Copper Conductors, ub, 
Fig. 90, is a conductor which is carrying eiirnmt and \vhi<di is 
embedded in, and insulated from, the iron eon^. In ord(‘r to 
have some idea of the temperature of the eoppin- in tla^ of 

the core, consider the following two propositions: 

(a) Assume that the slot insulation is much thi(d<(n’ t.ha.n that 
on the end connections, then the heat in the omlxMldc^d portion of 
the winding has to be conducted along the copper and dissipated 
at the end connections. It is required to find the dilTerence in 
temperature between c and a. 
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The resistance of copper is 1 o hm per circular mil per inch so 
that the energy crossing dx = 1^^ 



where Ic is the current in the conductor in the slot, 

i2a, is the resistance of length x of the conductor, 
M is the section of the conductor in circular mils, 



Peripheial velociqr of nmaturo in ft.per min. 

^ . ampere conductors loss per inch . ^ . , , , . , 

Fig. 89.— Curve of . — - - - jigamst ponphcnil volocuty of 

circular miles per ampere 

armature. 



Fig. 90.—Heat paths in an armature oondiirtor. 


The difference in temjSerature between two faces a distance dx 
apart = (7„^^)^X 1^3 deg. C. 

where A is the section of the conductor in square inches 

M 

1.27 X lb' 

11.1 is the thermal conductivity of copper in watts per 1 in. 
cube per 1“ C. difference in temperature. 
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The difference in temperature between the center c and any 


_ Ic^ X 1.27 X 10« ^ ^ 1 

jif2 ' ^ 2 ^ ii.r 

^ 5.7 X 10^ X _ .jg. 

(circular mils per ampere) * ^ 

. If, for example, the core of the machihe'is 20 in. long, so that the 
distance from the center of the core to the end is 10 in., and the 
circular mils per ampere is 500, then the difference in temperature 
between the copper at c and that at the end connections = 23 ® C. 

(6) Consider now the other case in which it is assumed that 
the end connections are already so hot that the heat generated 
in the embedded conductors has to be transmitted through the 
slot insulation and dissipated by the iron core; it is required to 
find the difference in temperature between the copper and the 
surrounding iron. 

The copper loss per 1 in. axial length of slot 
_ conductors per slot X 


_ amp ere conductors per slot 
circular mils per ampere 

If this heat passes through the insulation then the in 

temperature between the inner and outer layers of the insulation 
_ / ampere co nd uct ors per slot\ thickness of insulation 
\ circular mils per ampere / 2d + .s 


I 

().()()3 * 


( 20 ) 


where 0.003^ is the thermal conductivity of ordinary paper ami 
cloth insulation in watts per inch cube per 1® (lifTerenc(‘ in 
temperature, and 2^ + s is the area of the path per 1 in. axial 
length of slot. 

Take for example the following figures! 


Ampere conductors per inch =* 760. 

Slot pitch « 0.88 in. 

Ampere conductors per slot = 760 X 0.88 = 670. 

Circular mils per ampere = 560. 

5 = 1.6 in. 

s = 0.43 in. 

Thickness of insulation =» 0.07 in., including clearance. 

1 The value of thermal conductivity of insulations varies from 0.002 to 
0-004; 0.003 is a fair average value. 



HEATING 131 

Temperature difference between inner and outer layers of insulation 

^670 0.07.. 1 

560 ^ 3.63 ^ 0.003* 

- 8® C. 

103. Coxnmutator Heating.—The modern D.-C. armature is 
constructed as shown in Fig. 30; the commutator is smaller in 
diameter than the armature core, and the commutator necks 
which join the armature winding to the commutator are separated 
from one another by air spaces, so that when the armature 
revolves an air circulation is set up as shown by the arrows in 
Fig. 91, and cool air is drawn over the commutator surface. 



Torlphural Volooity of tlio Oommubator In B’t. por Alin, 

Fia. 91,—Temperature rise of commutators. 

The relation between permissible watts per square inch of 
commutator surface and commutator peripheral velocity, 
obtained from tests on non-interpole machines, is shown in 
Fig. 91. 

The radiating surface is taken as tDcF. It would seem that 
the radiating surface ought to include that of the commutator 
necks. It is found, however, that a considerable portion of the 
commutator neck, such as from a to b, can be closed up without 
affecting the commutator ventilation or temperature to any 
great extent; just how much of the surface of the necks should 
be considered as radiating surface has not yet been determined 
experimentally. 
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The heat to be dissipated is assumed to be due to tlie brush 
friction and contact resistance losses. There are also losses 
which cannot be measured, due to poor commutation and to 
brush chattering. If the commutation is poor and the brushes 
chatter badly the temperature rise may be higher than that 
obtained by the use of the curve in Fig. 91, while in cases where 
the commutation is exceedingly good and where there is no 
chattering the temperature rise may be lower. 

107. Application of Heating Constants.—When designing a 
new D.-C. machine for a guaranteed temperature rise the cjore 
heating is limited by keeping the flux densities below the values 
given in Art. 103, page 127, and the end connection heating 
, , T . ,, ampere conductors per inch 

circular mils per ampere 

below the values given in Fig. 89, page 129. The approximate 
increase in temperature of the copper at the center of tlie core 
over the temperatures of the iron and of the end connections is 
found by the use of the formulae in Art. 105. The design is tlien 
compared with designs on similar machines which have already 
been tested and the densities modified accordingly. 

The results of careful tests on similar machines should always 
take precedence over results obtained from average curv(\s and 
these curves should always be changing as improvements an^ 


made in the methods of ventilation. 
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108. The Output Equation 

E = X volts (formula (2), page 11). 


r-P-ia- w poles,.. 




and q 


Zla V 1 
paths ^ xDo 


or© 

El a = Z{B„4^Urf-^ X X 

10-8 

= BgXrpXLoX^'X r.p.m. X g X rDa X 


= RA X ^ X ?^^(7rD,)* X 10-* X q, 

and 

n ar - V ^ 

^^Q y\ V > t V V 

r.p.m. BgX^pXq 


( 21 ) 



Fkj. 92.' -Effect of the armature diameter on the tooth taper. 


The value of Bg, the apparent average gap density, is limited 
by the permissible value of St, the maximum tooth density, 
which value, as shown in Art. 103, page 127, is about 140,000 
lines per square inch for frequencies up to 30 cycles. That Bg 
also depends on the diameter of the machine may be seen from 
Fig. 92; the smaller the diameter the greater the tooth taper and 
therefore the lower the gap density for a given density at the 
bottom of the teeth. 

Figure 93 shows the relation between Bg and D, for average 
machines; in cases where the frequency is greater than 30 cycles 
per second slightly lower values of Bg must be used. 
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xM* 



Rg. 93.—Curve of apparent gap density against armature diameter. 



Fig. 94.—Curve of ampere conductors per inch against kilowatts. 
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Fio. 95.—Curve of ampere conductors against 


watts ^ 
r.p.m. 



Peripberal velocity oF armature in ti. per minuie 

Fio. 96.-Curve of per inch ^ mature velocity, 
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The value of q, ampere conductors per inch of periphery, in 
commutating pole machines is limited by heating; except in 
extreme cases, commutation does not have to be considered. 
The value of q depends principally on kw. output and the rela¬ 
tion between q and kw. for usual designs is plotted in Fig. 94; 
this curve may be used for preliminary design. 

109. The Relation between D, and Lc.—There is no simple 
method whereby Da^Lc can be separated into its two components 
in such a way as to give the best machine. The only satisfactory 
method is to assume different sets of values of Da and La, work 
out the design roughly for each case, and choose that which 
will give good operation at a reasonable cost. 

110. Magnetic and Electric Loading. 


therefore Ela = X (ipa X poles) - ^'^‘ 10"^ watts. 


and 


watts 

r.p.m. 


= (JL. 

Vpaths. 


X Poles)^ 


( 22 ) 


The term 


Zlg 

paths 


is called the electric loading and is the total 


number of ampere conductors on the periphery of the armature*; 
the larger the value of this quantity the larger the amount of 
active copper and the smaller the amount of active iron then* is 
in the armature. 

The term (^o X poles) is called the magnetic loading and is tin* 
total flux entering the armature; the larger its value the larger 
the amount of active iron and the smaller the atnount of active* 
copper there is in the machine. 

To get the largest possible output from a given frame both the 
electric loading and the magnetic loading should bo as largo as 
possible. 

There is a definite ratio between the magnetic and the electric 
loading which will give the cheapest machine. 

The ratio ^ 

electric loading ZIe 


Bg^LcP 
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and therefore depends largely on the frame length L*, which 
quantity is limited in the following way: 

Figure 97 shows one field and one armature coil for a D.-C. 
machine. A pole of circular section is the most economical 


so far as the field system is concerned because it has the largest 
area for the shortest mean turn of field coil. If the pole be rectan¬ 
gular in section then that with a square section has the largest 
area for the shortest mean turn. It will generally be found that 


the ratio 


pole pitch 
frame length 


lies between the values 1.1 and 1.7. 


The pole pitch is limited by armature reaction; thus in Art. 82 
page in, it was shown that the armature ampere-turns per pole 
should not exceed 10,000. Further, as pointed out in Art. 57, the 



Fkj, 07. lOiiipo of field and iirmatiiro coils. 


field aniperc-turns per pole (gap + tooth). , . , ,, 

ratio ' , —--, IS seldom less thai.n 

armature ampere-turns per pole 

0.75. An increase in the armature m.m.f. per pole, therefore, 
re(iuires a corresponding increase in the m.m.f. of the main field 
and an increase in the radial length of the poles. Rather than 
allow the armature ampere-turns per pole to exceed 10,000, it will 
generally be found economical to increase the number of poles^ 
so that they may not have too great a radial length. 

For 10,000 armature ampere-turns per pole, and 1100 ampere 
conductors* per inch, the pole pitch is approximately 

10,000 X 2 
1100 
= 18.2. 
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L, therefore, as pointed out above, should not exceed -j-j-- » 1(J.5 

in., except in the special case where the peripheral velocity is 
already so high that the diameter cannot be increased and the 
ra ting can only be obtained by the use of an extra long armature. 

If Lc, the frame length = 16.5 in. 

the average gap density = 60,000 lines per square inch, 
the pole enclosure = .65. 

q, the ampere conductors 

per inch = 1100. 

For a machine with a small armature diameter the most 
economical frame length will be less than 16.5 in.; for example, a 
machine 5 in. in diameter and 16.5 in. long would be more (ixpen- 
sive and would give more trouble than one which had the same 
value of Da^Le, but a diameter of 10 in. and a frame letigth of 
4^ in., so that, since k depends largely on the length Lc it»s value 
varies with the diameter of the machine. Now 


watts 


= electric loading X magnetic loading X 

= k (electric loading)* X a constant 

and for each value of — — there is a vahio of k, and th(*r(v 
r.p.m. 

fore of electric loading (ZI„), which gives the most (Mionomiiiiil 
machine. Figure’ 95 shows the approximates reflation l«‘l,w(‘(>n 
these two quantities for a line of commutating j)ole maehim's, 
and this curve may be used for preliminary dc'sign. 

It must be understood, and will bo soon from the (ixam|)I('s 
given later, that the value of k may vary over a oonsidcu-ablfi 
range without affecting the cost of the machine to any (fon- 
siderable extent. The value of k is also affected by the cost of lal xn- 
and therefore varies under different conditions of manufacitunf. 
111. Formulae for Armature Design. 

^ ~ “ ^(electric loading)* X a constant (formula (2.S), 


r.p.m. o/ .— 

page 138), where electric loading = (ZL). 
n^T - V X « 1 


B - D„*L. = X 
r.p.m. 

„ pole pitch 


(formula (21), page 133.) 


frame length 


= 1.1 to 1.7. 


(Art. 110, page 137.) 
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(formula 2, page 11.) 


E — Coils = A: I ± 1 for a series winding. (Art. 23, page 22.) 

Slots == A; ~ ± 1 for a series winding. (Art. 23, page 22.) 

— *^2) ^ multiple winding with equalizers 

(Art. 23, page 22.) 

F — Slots per pole should be 

at least 9 for small wave-wound armatures, 
at least 12 for small lap-wound armatures, 
at least 14 for large lap-wound armatures. 

(Art. 80, page 96.) 

G — Reactance voltage = kXSX r.p.m. XlcXL^X X 

10-*^, (formula 13, page 91.) 

where A = 1.6 for series and full-pitch multiple windings; 
= 0.93 for short-pitch multiple windings. 

ZI 

H — Armature ampere-turns per pole == ~ and should be less 


J - 


than 10,000, 
maximum tooth width 


(Art. 82, page 101.) 


slot width 


= 1.1 for large machines; 
= 1.0 for small machines. 


These are approximate values found from practice. 
K — Flux density is taken from the following table: 


Cycles per 

Tooth density, 

Core density, 

second 

lines per square inch 

lines per square inch 

30 

140,000 

90,000 

40 

135,000 

76,000 

60 

130,000 

6.6,000 


(Art. 103, page 127.) 


L — Commutator dia. == 0.6 armature dia. for large machines, 
= 0.75 armature dia. for small machines. 
These are values taken from practice. Except in the case of 
turbo generators the peripheral velocity of the commutator 
should not, if possible, exceed 5000 ft. per minute. To keep 
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below this peripheral velocity it may be necessary to use 
smaller values for the diameter than those given above. 

Af' — Wearing depth of the commutator, namely, the amount 
that can be turned off the radius without making the commu¬ 
tator too weak mechanically varies from 0.5 in. on a 5-in. 
■ commutator to 1.0 in. on a 50-in. commutator. 

N — Brush arc should be as set forth in Art. 81. 

P — Watts per square inch brush contact = 35 approximately 

(Art. 70, page 85.) 

Y 

Q — Brush friction = 1.25A|^ watts (formula (16) page 111.) 

112. Preliminary Design.—To simplify the work of prelimi¬ 
nary design the necessary formulae and curves are gathered 
together above and the method of procedure is as follows: 

Find the electric loading ZIe for the given rating, from Fig. 95. 

Find q = from Fig. 94. 

From these two quantities find Da the armature diaujicter. 
Tabulate three preliminary designs; one for a diameter 20 per 
cent larger than that already found and the other 20 per cent 
smaller. 

Find Bg, the apparent gap density, from Fig. 93. 

Find Lc, the frame length, from formula B, page 138. 

Find p, the number of poles, which should have .such a value, 

that between the values 1.1 and 1.7. (Art. 

110, page 137.) 

Find <l>a, the flux per pole, = Bj^L^ where = 0.()5 appro.x. 
Find Z, the number of armature face conductors, from formula 
D. 

Choose the smallest diameter machine that will give a ratio 
“ accordance with Art. 110. 

Find S, the number of commutator segments, from the value 
of Z and the type of winding used. 

Make Do, the commutator diameter, = (0.6 to 0.75) X (arma¬ 
ture diameter) for a first approximation. 

Find the commutator length so that the watts per square inch 
brush contact shall not exceed 35. 

Choose between the different designs. 
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Example .—Determine approximately the dimensions of a D.-C. generator 
of the following rating: 

650 kw., 250 volts, 2200 amperes, 250 r.p.m. 

The work is carried out in tabular form as follows (three different diam¬ 
eters are carried through part way for trial): 


Ampere conductors.1.68 X 10® (from Fig. 95). 

Ampere conductors per 

inch. 1060 (from Fig. 94). 

Armature diameter.60 in. 40 in. 60 in. 

Apparent gap density Bg =55,000 53,000 56,000 (from Fig. 93). 

Frame length. Z/e = 14 in. 23 in. 9.65 in. (formula B). 

Poles.p = 10 6 16 (formulae). 

Pole pitch.r = 15.7in. 21 in. 11.8 in. 

Flux per pole.0a ==7.85 X 10»16,6 X 10*4.15 X 10* 

Total face conductors. .Z = 764 362 • 1440 (formula D). 

Winding.one-tum, multiple, short pitch. 


Commutator segments. S = 382 

181 

720 

Reactance voltage. .R.V. =2.74 

3.54 

2.22 (formula (7). 

Commutator diameter. Dc = 35 in. 
Commutating zone 

28 in. 

42 in. (formula L). 

(assumed 0.16r).2.6 in. 

Slot pitch (assumed 0.05 

3.3 in. 

1.88 in. 

r).0.78Sin. 

1.0 in. 

0.58 in. 

Maximum brush arc.1.2 in. 

Amperes per square inch 

1.6 in. 

0.9 in. 

brush contact.45 

45 

45 

Minimum brush length.8.2 in. 

10.2 in. 

6.8 in. 

Magnetic loading _ ^®^470 

Electric loading Zh 

750 

335 


The second machine, which has an armature diameter of 40 
in., has the largest flux per pole and therefore the deepest core 
and the heaviest yoke. It is the longest machine and therefore 
the most expensive in core assembly. It has the smallest num¬ 
ber of coils and commutator segments and is therefore cheapest 
in winding and commutator assembly. 

The third machine, which has an armature diameter of 60 in., 
has the smallest flux per pole and therefore the shallowest core 
and the lightest yoke. It is the shortest machine and therefore 
the cheapest in core assembly. It has the largest number of coils 
and commutator segments and is therefore the most expensive 
in winding and commutator assembly. 

The first machine probably costs less than either of the other 
two; it has also a comparatively low reactance voltage and should 
commutate satisfactorily. 
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Before completing the design with the 50-in. diameter it is 
advisable to design the machine roughly with different numbers 
of poles in the following way. 


Poles...10 12 

. Armature diameter.50 

Frame length. Lc = 14 in. 

Apparent gap density. Bg — 55,000 

Pole pitch.T — 19.65 in. 15.7 in. 13.1 in. 

Flux perpole.=» 9.85 X 10« 7.85 X 10« 0.55 X 10* 

Total face conductors. Z ^ 610 764 OHi 

Winding.one-turn, multiple, short pitcJi. 

Reactance voltage. jK. 7. = 2.74 2.74 2.74 

Armature ampere turns per pole_10.500 8400 7150 

Commutator diameter. Dc = 35 in. 35 in. 35 in. 

Maximum brush arc.1.5 in. 1.2 in. 1.0 in. 

Minimum brush length.8.2 in. 8.2 in. 8.2 in. 


The first machine is most expensive in material duo to the 
large flux per pole and therefore the deep core and the largo 
section of yoke. , 

The third machine is most expensive in labor duo to tlio 
number of coils and commutator segments that are roquirod. 

The reactance voltage is the same in each cuvse but the armatun^ 
ampere-turns per pole is greatest in the first machine and l(»ast in 
the last, so that, so far as commutation is concci*nod, the last 
machine is to be preferred, and the first one should not Ix^ us(m 1 
if possible. 

Armature Design.—Having determined th(^ appr()ximat(» 
dimensions of the machine, it is now nocossary to dc\sign tin* 
armature in detail, which is done in tabular form in the following 
way: 

Choose the ten-pole design as the most suitabbj, tluui 

External diameter of armature.50 in. from preliminary dcssign. 

Frame length.14 in. from pn'liminary dc^sign 

Center vent ducts.3 X in. widti. 

Gross iron in frame length.12.5 in. 

Net iron in frame length.11.25 in. 

Poles.10 

Pole pitch.15.7 in. 

Probable flux per pole.7.85 X 10" from proliminiiry design. 

Probable number of conductors.764 from proliminary d(‘sign. 

Winding. One turn, multiple, short pitch. 

Total number of slots 180 

Conductors per slot 4 

Actual number of conductors 720 
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Coils 360 

Commutator segments 360 

Reactance voltage 2.6 (formula G) 

Ampere conductors per inch * o = —- inio 

^ X X 50 

Peripheral velocity of armature » 3280 ft. per minute. 

Ampere conductor per inch 
"Cir^jtniilB per"a5»pere = ^ 

Circular mils per ampere. 460 

Amperes per conductor at full load 220 

Section of conductor » 220 X 460 = 101,000 circular mils. 

= 0.0795 sq. in. 

X X 50 


Slot pitch « ““280 
Probable slot width 


0.872 

2.1 


0.872 in. 


0.4 in. (formula /). 


Determine the dimensions of conductor as follows: 

0.4 in. assumed slot width. 

0.10 in. width of slot insulation. 

0.30 in. available width for copper. 

Use strip copper in the slot as shown in Fig. 98. Make the strip 0.13 in. 
wide. 

Depth of conductor =* = 0*^2 in. 


I_pJQl in. thick fish payer 


.O.Qlln.thick mica 
wrapper 



Fia. 98.—Armature coil cross-section. 


Slot depth is found as follows: 

0.62 depth of each conductor. 

0.05 insulation thickness on each coil- 


0.67 depth of each insulated coil. 

2 number of coils in depth of slot. 

1.34 depth of coil space. 

0.03 thickness of slot insulsftion. 

0.15 thickness of slot wedge. 

1.52 necessary depth of slot; make it 1.55 in. deep. 
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Diameter at the bottom of the slot 46.9 in. 

Slot pitch at bottom of slot « 0.82 in. 

Minimum tooth width « 0.42 in. 

Minimum tooth area per pole « X 0.65 X 0.42 X 11.26 =* 55 sq. in. 
Flux per pole with 720 conductors = 8.35 X 10® for 250 volts (formula/)). 
Maximum tooth density « 162,000 lines per square inch. 

This density is not too high, since the frequency of the armature is only 
about 20 cycles per second. 

Note: If the above density had oome out too high, it would have been necessary to increase 
the net frame length. 

yiux density in the core, assumed 90,000 lines per square inch. 

8 35 X 10* 

Core area = 2"x ’^ ^ 0 “ 


Core depth 


core area 
net iron 


4.2 in. 


Internal diameter of armature = 38.5 in. 

The above data is now filled in on the armature design sheet shown on 
page 145 et. seq. 

Commutator Design. 

Commutator diameter, assume to be 0.7 (armature diameter) =« 35 in. 
Number of commutator segments = 360. 

TT X 36 

Width of one segment and mica = —= 0.306 in. 

ouU 

Maximum brush arc = 1.22 in., (formula JV). 

Use a brush 1 in. thick set at angle of 15°, so that the brush arc « 1.036 in. 


Note: For a 15*^ angle, each inch of brush thicknoHS will cover 1.03(1 in. on corn in u tat or 
surface. 


Segments covered by brush — 3.4. 

Amperes per set of brushes « " X 2 = 440. 

Probable amperes per square inch of brush contact, 45 assumed. 

Necessary brush length = 0.5 in. 

Brushes per stud, use 8 brushes, each = 1 in. X 1.25 in. 

Actual amperes per square inch of brush contact = 42.5. 

Commutator length = 8(1.25 + 0.25) + 1 = 13 in. 

Allow 0.25 in. between brushes and 1 in. additional <^I(^aranc(^. 

Peripheral velocity of commutator = 2300 ft. pen* minute*. 

Total brush contact area = 10 X 8 X 1.25 X 1.036 = 103.5 s<i. in. 

Commutator friction loss. 2i).S() watts ("formula (ih 

Volts drop per pair of brush contacts. 2. 

Contact resistance loss « 2 X 2200 - 4400 watts. 

Watts per square inch of commutator surface = ^ = •'>•17- 

71 X 35 X13 

Allowable watts per square inch of commutator surfaces for 40°C. t(mi- 
perature rise = 4.8 (see Fig. 91). 

^17 

Probable temperature rise on commutator = X 40 « 43° C. 

4.8 
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Had the temperature rise come out too high, it would have been necessary 
to have used brushes with lower contact resistance, or else to have increased 
the commutator radiating surface. 

The above data is now filled in on the design sheet shown below, 

D. C. Design Sheet 


Armature 

Ex. dia. 50 

In. dia. 38^ 

Frame length. 14 

End ducts. 2-J^ 

Center ducts. 3-K 

Gross iron. 12.5 

Nett iron. 11.25 

No. of slots. 180 

Size of slot. 0.4 X 1.55 

Cond. per slot. 4 

Total cond. 720 

Size of cond. 0.13 X 0.62 

Coils. 360 

Turns per coil. 1 

Type of winding. Multiple 

Pitch of winding. Short one slot 

Slot pitch. 0.872-0.82 

Tooth width. 0.472-0.42 

Tooth/slot. 1.18 

Core depth. 4.2 

Pole pitch. 15.7 

Pole enclos. 0.66 

Tooth area p. p. 55 

Core area. 46,5 

Appar. gap area... 143 

Perip. Vel. 3280 

Magnetic Circuit 

Flux per pole.•. 8.35 X 10* 

Leakage Factor. 1.18 

Density: app. tooth. 152,000 

act. tooth. 145,000 

core. 88,500 

pole. 99,000 

yoke. 80,000 

app. gap. 58,500 

Pole section. 99.4 

Yoke section. 61.5 

Weight teeth, pounds. 396 

core, pounds. 1510 

Frequency. 20.83 

Iron loss teeth. 2970 

core. 3780 
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Magnetic Circuit {Conlinued) 


Gap clearance. 0.2 

Fringing const. 1-15 

AT. gap. 4240 

tooth. 1680 

core. 155 

yoke. 290 

pole. 690 

AT. total. .. 7056 

Commutator 

Dia. 36 

Face. 13 

Bars. 360 

Bar and mica. 0.306 

Wearing depth. 1 

Brush arc. 1.036 

No. of studs. 10 

Brushes per stud. 8(1 X 1 H) 

Perip. vel. 2300 

Friction watts. 29S() 

Brush drop. 2 

Current density. 42.5 

Resist, watts. 4400 

Watts/surface. 5.17 

Temp, rise. 43 

Av, volts per seg. 6.95 

Arm. Heating and Coinmut. 

Amp. cond./periphery. 1010 

Circ. Mils/Amp. 460 

Length of cond. 3 9.25 

Copper loss, k. w. ^ . 13. (5 

Volts drop, arm. + brush. 8.2 

Arm. A.T. per polo. 7900 

ATg +t/arm.AT.p.p. 0.75 

Reactance volts. 2.6 

Av. volts per seg./React, volts. 2.68 


Scries Coils 

AT. per pole. 

Turns per coil. 

Current. 

Cir. Mils/Amp. 

Section of wire, sq. in. 

Resist, of coil. 

Volts per coil. 

Watts/surface. 

Rad. surface, sq. in. 

Length of coil. 

Size of wire. 


2345 

5 

470 

930 

0.345 

0.7 X 10-« 

0.33 

0.89 

174 

2.625 

2(0.14 X 1.25) 
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Commutating Pole 

Amp. turns per pole.. 11,000 

Turns per coil. 10 

Axial length of pole. 12 

Pole arc. 2 

Gap density. 16,500 

Gap clearance. 0.25 

Ext. surface of coil.. 324 

Watts/surface. 1.2 

Loss in coil, watts.392 

Size of wire. 5(0.128 X 1.25) 

Shunt Coils 

Volts per coil. 20 

Mean turn. 47.5 

Ex. perip. 52.5 

Size of wire, circ. mils. 16,510 

Length of coil. 7.5 

Depth of coil. 1.26 

Space factor. 0.64 

Turns per coil. 477 

Shunt current. 14.8 

Circ. Mils/Amp. 1115 

Watts/surface. 0.78 

Temp, rise. 41® C. 

Efhc. and Losses 

Arm. copper loss, watts. 13,600 

Comm, loss; frict., watts. 2980 

resist., watts. 4400 

Excit. loss: shunt, watts. 3700 

series, watts. 1550 

com. pole, watts. 3920 

Iron loss, watts. 6750 

Load losses, watts. 5500 

Effic, full load, per cent. 92.6 

. 03.0 

. 02.4 

Rating 

KW. 550 

Volts. 250 

Amperes. 2200 

Revs, per min. 250 

Magnetic/elec, loading... 530 

^ . r . k-w. X 105 ^ ^ 

Output factor = x D. ~^. 

Poles. 10 











































CHAPTER XIII 

MOTOR DESIGNS AND RATINGS 


114. Procedure in Design.—D.-C. motor design is carried out 
in exactly the same way as is generator design. There is one 
exception, however, that should be noted and commented upon. 
In many cases, particularly in high-speed motors, the procedure as 
laid down in Chap. XII would lead to a two-pole design; two-pole 
dftsig ns are very rarely used in modern motors. The reasons are 
that, first, the space for entrance of air for ventilation between 
the shaft and the windings is so limited that it is difficult, some¬ 
times impossible, to secure proper ventilation and, second, the 
overhang of the end windings is so long that the distance between 
bearings is unduly great, resulting in so long and flimsy a shaft 
as to be inadmissible. Reference to Art. 104, Fig. 88, will show 
that the total overhang of the end windings is approximatf'ly 
ecjual to the pole pitch and in two-pole designs this leads to an 
excessive length between bearings. In these high-speed designs 
where two poles would be dictated by the procedure of (’hap. 
XII, the diameter is usually increased arbitrarily so that four 
poles may be used; four poles is the minimum that is ordinarily 
used on modem motors. 

Take two specific motor ratings and follow through the designs. 

Assume the two following machines: 

Motor—30 hp.—900 r.p.m.—120 volts. 

Motor—40 hp.—750 r.p.m.—120 volts. 

Following the procedure of Chap. XII we may tabulate* thee 
design of these two motors as follows: 


;h)1Ii'. .loiii-. 

1100 7r>(i 

JiiaVOliUTIONH Ukvom/tionh 

Probable efficiency. !)0 per mil, !)() per cent 

Pull-load current-arapcres. 20S 271) 

KW. output. 26 :W.2 

Ampere conductors (Fig. 96). 22,000 26,000 

Ampere conductors per inch (Fig. 94). OliO 700 

Armature diameter, inches. 10.0 11,4 

Gap density (Fig. 93). 44,000 46,0(H) 

D>L (formula B, p. 138). 900 1,310 

Frame length, inches. 8 jO 
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If we apply formula C, page 138, we will see that both 
machines fall between two poles and four poles. For reasons 
before stated, two poles should not be considered; if four poles 
are to be used, the diameter should be somewhat increased in 
order to get a pole that is more nearly square in cross-section. 

We will now follow through the designs of these two motors 
assuming the actual armature diameters that are used by the 
two large U. S. manufacturing companies. The 30-hp. motor is 
as designed by manufacturer A and the 40-hp. by manufacturer 
B. 


In passing, it might be observed that undoubtedly a cheaper 
machine could be produced if the diameters were somewhat 
decreased from those deduced above and two-pole designs used, 
but the difficulty in ventilating and the resulting long shaft 
would make such a course out of the question. 

It may also be observed that the actual motors hereinafter 
tabulated as made by the two large manufacturing companies 
come within about 6 per cent of having the same D^L as that 
deduced above; in one case the D^L actually used is somewhat 
higher than the deduced value and in the other case, somewhat 
lower. 


Armature diameter, inches 

Internal diameter. 

Length. 

End ducts. 

Center ducts. 

Gross iron, inches. 

Net iron, inches. 

Slots, number. 

Conductors per slot. 

Slots, size-inches. 

Conductor, size. 

Coils, number. 

Turns per coil. 

Total conductors. 

Winding, (series; in slots.. 

Slot pitch, inches. 

Tooth width. 

Maximum tooth width 
slot width 


30 Hp. 

900 

Revolutions 

M ANUVACTUROR 

A 


40 Hp. 

760 

Revolutions 

Manufacturer 

B 


13 

13.5 

5 

5.25 

5 

6.875 

2 X 0.375 

2 X 0.375 

1 X 0.375 

1 X 0.375 

3.875 

5.75 

3.48 

5.17 

37 

41 

6 

6 

1.628 X 0.32 

1.425 X 0.39 

0.059 X 0.625 

0.08 X 0.55 

111 

123 

1 

1 

222 

246 

1 and 10 

1 and 11 

f 1.10 maximum 

1.033 maximum 

1 0.826 minimum 0.816 minimum 

0.78 maximum 

0.643 maximum 

0.506 minimum 

0.426 minimum 

2.44 

1.65 
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30 Hp. 

900 

40 Hp. 

760 


Rbvolutions 

Huvolutionb 

Manufactur^or 

Manupacturkr 


A 

B 

Core depth, inches. 

. 4.0 

2.7 

Pole pitch, inches. 

. 10.2 

10.6 

Per cent enclosure. 

. 68.5 

57 

Minimum tooth area per pole, square inches 11.1 

13.01 

Core area, square inches. 

. 13.9 

13.0 

Apparent gap area perpolc, square inches 35.0 

41.7 

Densities, iron loss, excitation 

Flux per pole. 

. 1.8 X 108 

1.95 X 10« 

Max. tooth density, apparent. 

. 162,000 

150,000 

Maximum tooth density, area actual. 

. 157,000 

145,000 

Core density. 

. 65,000 

70,000 

Apparent gap density.. 

. 51,500 

46,800 

Weight teeth, pounds. 

. 64.4 

64.8 

Weight core, pounds. 

. 53 

97.5 

Frequency. 

. 30 

25 

Iron loss, watts. 

. 1032 

745 

Air gap clearance, inches. 

. 0.125 

0.175 

Carter coefficient. 

.1.15 

1.12 

Ampere-turns, gap. 

Ampere-turns, teeth. 

. 2,320 

2,880 

. 1,215 

710 

Ampere-turns gap, and teeth. 

. 3,535 

3,500 

Ampere-turns-armature per pole. 

. 2,010 

4,275 

Field ampere-turns per pole-teeth and gap ^ 

Armature ampere-turns per pole 

0.84 

Total ampere-conductors-armaturc.., 

. 23,300 

34,200 

Ampere conductors per inch. 

. 570 

805 

Circular mils per ampere. 

. 448 

402 

Length of conductor, inches per turn. 

. 36 

44 

Armature copper loss, watts. 

, 920 

1,870 

Magnetic loading 

Electric loading 

. 310 

228 


There are some points in the two above dcsifrns that should 
be further discussed. Design A uses a comparatively high mag¬ 
netic density, a high m.m.f. in the field and high magnetic load¬ 
ing; this results in an unusually high ratio 

field ampe re turns per pole-gap a nd teeth 
armature ampere turns per pole 

The high magnetic loading of design A leads naturally to a com¬ 
paratively low electric loading; the value of q in this design 
(ampere conductors per inch of periphery) is about 16 per cent 
less than dictated by curve 94, Design B on the other hand has 
a value of q about 15 per cent higher than that dictated by Fig. 
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94 The ratio ampere-turas per pole-gap and teeth . 

armature ampere-turns per pole 

much nearer the normal that is indicated in Chap. VI. for machine 
B than for machine A. 

In considering these two designs, it must be borne in mind that 
the methods of designing used in large companies almost never 
demand that a design shall be worked out de novo as we have in 
the preceding chapters. These companies have a large range 
of frames and punchings already available and the designer’s 
problem in general is to meet given requirements using the 
smallest possible available frame and the Tninimnm length of 
active material. The relations that have been set forth in Chap. 
XII will, in general, give the cheapest and best design but there 
is a wide latitude of departure from some of these relations within 
which a suitable machine can still be produced. The above 
table giving the actual designs of two specific machines shows 
this. 

Additional details concerning the design of the commutators 
in these machines are as follows: 

30 Hp. 40 Hp. 

900 750 

Kbvoltttions IIbvolutions 

Commutator Manufacturer “A” Manufacturer “B’’ 

Diameter, inches. 8.25 9.5 

Per cent armature diameter. 63.6 70.5 

Face length, inches. 5.625 7.0 

Bars, number. Ill 123 

Width one bar and mica, inches. 0.233 0.243 

Mica, inches. 0.03 0.03 

Wearing depth, inches. 0.312 0.375 

Brush arc, inches. 0.625 0.625 

Brush studs, number. 4 4 

Brushes per stud. 3 4 

Brushes, size. 0.625 X 1.25 0,625 X 1.25 

Amperes per square inch brush contact. 45 44 

Peripheral vcilocity, feet per minute. 1940 1860 

Friction loss, watts. 169 216 

Volts per pair of brushes. 2 2 

Contact resistance loss, watts. 416 552 

Watts per square inch surface. 4 3.68 

Probable temperature rise, commutator. 41° 36° 

Average volts per bar. 4.32 3.9 

Reactance voltage. 1 1-4 

The commutator design presents no difficulties. It should be 
noted in particular that the reactance voltage is low in both these 
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machines and no trouble from sparking should bo anticipated; 
heating also should be within reasonable bounds. 

116. Calculation of EflELciency.—The calculation of efficiency 
involves the calculation of the individual losses that are enumer¬ 
ated in Chap< X, Art. 88. The value of most of these losses, as 
calculated, is given in Art. 114. Those not yet calculated are 
bearing friction, field copper loss and load losses. 

To estimate bearing friction, we must know—or assume— 
the bearing sizes. In this case, suppose we assume that the 
bearings are 2.5 X 6 in. for the 30 hp. motor and 2.5 X 8 in. 
for the 40 hp. The rubbing velocity well then be 5.9 ft. per 
minute for the 30 hp. and 4.9 ft per mm. for the 40 hp. motor; 
the friction loss will be 350 watts in each case (Art. 89). 

The excitation loss may be estimated as follows: 


30-hp. 40-hp. 

Motoh Motob 

Ampere-turns, gap and teeth (p. 73). 3,535 3,590 

Total ampere-turns (add 25 per cent). 4,430 4,500 

Apparent gap density (from design). 51,500 40, .S()0 

Pole density (assumed). 85,000 85,000 

Pole area X gap area^. 21.2 

/46800 \ 

Usooo X . 

Pole length (axial). 4.75 (>. 02 

Pole width. 4. 4 C) . (i 2 

Pole periphery. 18.4 20.5 

Depth field winding (assumed). 1.25 1 25 

External periphery of field. 28.4 30.5 

Length mean turn. 23.4 25.5 

Watts per square inch (Fig. 63), 40° rise. 0.7() 0.78 

Space factor (Fig. 64), approximately. 0.()5 0.<)5 

Radial length pole (sec Art. 60) = 


1000 \external periphery X watts per square in(4i Xd^Xs/X 1.27 

Radial length pole, inches. 4 . 5 ( i 4 0 

Total excitation loss, watts. 407 1.35 


The load losses, according to the A. I. 10. K. standards rules 
set forth in Art. 99, shall be taken at 1 per cent; that is 250 watts 
for the 30-hp. and 332 for the 40-hp’. motor. 

The total estimated losses and the resulting estimated efficiency 
may therefore be tabulated as follows: 
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30-ep. 40-hp. 

Bearing friction. 350 350 

Excitation loss. 407 435 

Iron loss. 1^032 745 

Armature, copper loss. 920 1,870 

Commutator friction loss. 169 216 

Commutator resistance loss. 415 552 

Load losses. 250 332 

Total losses. 3,543 4,500 

Useful output, full load. 22,400 29,400 

Input, full load. 26,943 33,900 

Efficiency = . 86.5 86.7 


The estimated efficiency that we finally arrive at is in both 
cases somewhat lower than the assumed efficiency we started 
with. The estimated efficiency is used to get current and the 
losses depend partly on this assumed current. The estimated 
Pr losses would therefore have to be somewhat increased to get 
complete accuracy. On the other hand, the iron losses have been 
estimated on the basis that the magnetic fiux is sufficient to 
produce the entire applied e.m.f. The e.mi. actually necessary 
is the applied e.m.f. less the Ir drop in armature and commutating 
pole windings. This drop is something of the order of 5 per cent 
in each case which will reduce the iron losses by nearly 10 per 
cent. These two adjustments in the estimated efficiency will 
nearly cancel each other thereby leaving the estimated efficiency 
nearly what we have arrived at. 

116- Designing for Other Speeds, Voltages and Out-puts.— 
In practice, the designer rarely is obliged to design a machine 
from the beginning particularly in the smaller sizes; he has vari¬ 
ous diameters of frame, and armature punchings with various 
numbers of slots. It is the designers task to select the frame 
diameter, frame length and number of slots that will meet any 
specific requirements that may be demanded by the prospective 
user. There is considerable latitude in regard to the electric 
loading and magnetic loading that may be selected. For a 
normal machine these values are fixed by Figs. 93, 94, and 95. 
However, the values given in these curves may be raised or 
lowered by 10 or even 15 per cent and still obtain a passable 
machine. If in any case the electric loading is increased, the 
magnetic loading should be decreased, and vice versa. 

Suppose, for instance, it were required to design a 30-hp., 120- 
volt motor to run at 800 r.p.m. instead of 900 r.p.m., as in the 
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design above tabulated. One naethod that might be considered 
would be simply to increase the magnetic density leaving all 
other proportions the same. However, the apparent magnetic 
density is already 162,000 maximum in the teeth and 51,500 in 
the air-gap. To increase this so as to reduce the speed from 900 
to 800 r.p.m. would require increasing these densities by about 12 
per cent. The magnetic loading on this design is already near 
the limit and it would be impossible to increase it still further by 
the required amount. On the other hand, the electric loading 
is below normal and could be readily increased provided the 
magnetic loading could be decreased. If another armature 
punching of a larger number of slots is available, this change 
could readily be accomplished. Suppose, for instance, another 
armature punching with 49 slots were available—having approxi¬ 
mately the same total slot area as the 37 slot punching. If the 
same number of turns per’slot and the same length of frame were 
used for the 800-r.p.m. 30-hp. design, as for the 900-r.p.m. this 
would mean an increase in electric loading in the ratio ^^,37 = 
122 per cent. On the other hand, the magnetic loading would 
be decreased in the ratio X = 85 per cent. The 

electric loading is already below normal and the magnetic loading 
above normal, so that this modification would probably give a 
machine that would be acceptable. Final judgment would have to 
be based on the results of tests on this frame for ratings, voltag(\s 
and speed which come as near to the requirements in hand as 
possible. 



CHAPTER XIV 
ALTERNATOR WINDINGS 

117. Sin^e-phase EundamentalWindiog Diagram.—Diagram 
A, Mg. 99, shows the essential parts of a single-phase alternator 
which has one armature conductor per pole. The direction of 
motion of the armature conductors relative to the magnetic 
field is shown by the arrow, and the direction of the generated 


A 

a 

b 


d e b a 



C 


Pig. 99.—Fundamental single-phase winding diagram. 

e.m.f. in each conductor is found by Fleming’s three-finger rule 
and is indicated in the usual way by crosses and dots. 

The conductors a, b, c and d are connected in series so that 
their voltages add up, and the method of connection is indicated 
in diagram A. Such a connection diagram, however, becomes 

m 
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exceedingly complicated for the windings that are used in prac¬ 
tice and a simpler diagram is that shown at C, Fig. 99, which is 
got by splitting diagram A at xy and opening it out on to a plane. 

Diagram C may be called the fundamental single-phase wind¬ 
ing diagram because on it all other single-phase diagrams arc 



i’lu. 100.—JHindamcntal two-iihaso winding diagram. 



Fig. 101, Fundamental thr(*o-phns(* winding dingnun. 



Fio. 102.—Fundamental throe-phase Y-eonnocti'.l windhiK. 


bMed. The letters S and F stand for the start and fini.sh of 
the winding, respectively. 

118. The Frequency Equation.-The voltage generated in 
any one conductor goes through one cycle while the conductor 
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moves relative to the magnetic field through the distance of 
two pole pitches, so that one cycle of e.m.f. is completed per pah 
of poles; 

the cycles completed per revolution = 
the cycles completed per second = x X 

oO 



Fig. 103.—Currents in the three phases. 


Therefore /, the frequency in cycles per second 

_ p X r.p.m. 

120 


(23) 


119. Electrical Degrees.—The e.mi. wave of an alternator is 
represented by a harmonic curve and therefore completes one 
cycle in 27r or 360 deg.; as shown above, the e.m.f. of an alter- 



Ficf. 104.—Voltage vector diagrum for a Y-con.nected winding. 


nator completes one cycle while the armature moves, relative 
to the poles, through the distance of two pole pitches; it is very 
convenient to call this distance 360 electrical degrees. 

120. Two- and Three-phase Fundamental Winding Diagrams. 
Figure 100 shows the fundamental winding diagram for a two- 
phase machine. A two-phase winding consists of two single¬ 
phase windings which are spaced 90 electrical degrees apart so 
that the'e.m.fs. generated in them will be out of phase with one 
another by 90 deg 
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Figure 101 shows the fundamental winding diagram for a 
three-phase machine. A three-phase winding consists of three 
single-phase windings which are spaced 120 electrical degrees 
apart so that the e.m.fs. generated in them will be out of phase 
with one another by 120 deg. 



Fig. 105.—Fundamental threo-plmso A-connoetod windiuK. 


121. Y- and A-connection.—It will be seen from Fig. 101 
that a three-phase winding requires six leads, two for each phase. 
It is usual, however, to connect certain of these leads together so 
that only three have to be brought out from the machine and 
connected to the load. 

Figure 102 shows the Y-connection used for this purpose. The 
three finishes of the winding are connected together to form a 



Fig. 106.—E.M.F. in tho throo phases. 


resultant lead n and the current in this lead at any instant is the 
sum of the currents in the three phases. The current in each of 
the three phases at any instant may be found from the curves in 
Fig. 103 from which curves it may be seen that at any instant the 
sum of the currents in the three phases is zero, so that the lead n 
may be dispensed with and the machine run with the three leads 
;Si, S 2 and Ss. 
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Figure 104 shows the voltage vector diagraiiQ for a Y-connected 
winding, and from the shape of this diagram the connection takes 
its name. 



Fig. 107.— ^Voltage vector diagram for a A-conneeted winding. 


Figure 105 shows the A-connection. The winding is connected 
to form a closed circuit according to the following table: 

51 to F 2 

5 2 to Fs 
Sz to Fi 



Fig. 108.—Voltage relations in three-phase windings. 


It would seem that, since the windings form a closed circuit, the 
e.m.fs. of the three phases would cause a circulating current to 
flow in this circuit; however, the three e.m.fs. are 120 deg. out 
of phase with one another, and an inspection of Pig. 106 will show 
that the resultant of three such e.m.fs. in series is zero at any 
instant. 
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Figure 107 shows the voltage vector diagram for a A-connected 
winding The phase relation of the three voltages is the same as 
in Fig. 104. 

122. Voltage, Current and Power Relations in Y- and A-con¬ 
nected Windings.—^Let M and N, Fig. 108, represent two phases 
of a three-phase winding; the voltages generated therein are out 
of phase with one another by 120 deg. and are represented 
by vectors in diagram B. 

If the phases are connected in series so that Fi is connected 
to Si, then the voltage between Fi and 5s = the voltage from 
Fi to + the voltage from Ft to Ss = Er, diagram C, and 
is equal to E, the voltage per phase. 



Fio. 109.—Current relutions in tlircc'iilnme n'iiiiliiiK'i- 


If, however, as in a Y-conncctod winding, Ft is (ionn«M!l(«l to 
F 1 , then the voltage between Si and St = the voltagci from 
5i to Fi + the voltage from Ft to St = Er, diagi-am D, whieli 
is equal to 1.73 E. 

In a Y-connected machine, therefore, the voltage hotwiicm 
terminals is 1.73 times the voltage per phase, while the current 
in each line is the same as the current per phase. 

Let M and N, Fig. 109, represent two phases of a three-phase 
winding; the currents therein are out of phase with one another 
by 120 deg. and are represented by vectors in diagram B 
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If the two phases are connected in parallel so that is con¬ 
nected to i^’i, then the current in the line connected to F)Fi = 
the current from Fi to Si •+• the current from Fi to Sz = It, 
diagram C, and is equal to I, the current per phase. 



Fig. 110.—Four-pole chain winding. 

If, however, as in a A-connected winding, Si is connected to 
Fz, then the current in the line connected to SiFz = the current 
from Si to Fi + the current from Fz to Sz, which is equal to the 
current from Fzto Sz — the current from Fitxi Si = 7r, diagram 
D, = 1.737. 
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In a A-connected machine, therefore, the current in each line 
is 1.73 times the current in each phase, while the voltage between 
terminals is the same as the voltage per phase. 

The power delivered by a three-phase alternator 
= S EI COB 6, 

= 1.73 EJt cos d for either Y- or A-conneoted machines 



Fig. 111.—■Three-phase chain wiiulins with one slot por phawi pc^r pole. 


where E is the voltage per phase, 

I is the current per phase, 

Et is the voltage between terminals, 
h is the current in each line, 

S is the phase angle between E and L 
123. Windings with Several Conductors per Slot.—When there 
are more than one conductor per slot, a slight modification must 
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be made on the fundamental winding diagrams. Consider, for 
example, the case where there are four conductors per slot. 

One method of connecting up the winding is shown in Pig. 110, 
which shows the two- and three-phase diagrams. Each coil m 
consists of four turns of wire as shown in diagram (7; these wires 
are insulated from one another and are then insulated in a group 
from the core so that a section through one slot and coil is as 
shown in diagram D. On account of its appearance this type 
of winding is called the Chain Winding. 

Pigure 111 shows part of a machine, which is wound according 
to diagram B, Pig. 110; the method whereby one coil is made to 
jump over the other is clearly shown. 




Fia. 113.—(^oil for u douhlo-liiyor windiuK. 


Another method of connecting up the winding is shown in 
Pig. 112, which shows the two- and three-phase diagrams. I0a(;h 
coil n consists of two turns of wire as shown in diagram C] th(‘H(' 
wires are insulated from one another and are also insulatcMl from 
the core so that a section through one slot and coil is as shown in 
diagram D. 

The coils are shaped as shown in Fig. 113; one side of each 
coil, represented in the winding diagrams by a heavy lino, lies 
in the top of a slot, while the other side, represented liy a light 
line, lies in the bottom of a slot about a pole pitch further over 
on the armature. The whole winding lies in two layers and is, 
therefore, called the Double-layer Winding, 
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124. Comparison between Chain and Double-layer Windings. 


Chain 

The number of conductors per slot 
may be any number. 

The number of coils is half of the 
number of slots. 

There are several shapes of coil; 
therefore, a large outlay is neces¬ 
sary for winding tools, and a large 
number of spare coils must be kept 
in case of break-down. 

The end connections of the winding 
are separated by large air spaces. 


DoUBUB-liAYBIB 

The number of conductors per slot 
must be a multiple of two. 

The number of coils is the same as 
the number of slots. 

The coils are all alike; therefore, the 
number of winding tools is a min¬ 
imum and so also is the number 
of spare coils that must be kept 

The end connections are all close 
together and, therefore, more 
liable to break-down between 
phases than in the chain winding. 


The chain winding is the easier to repair because, in order to 
get a damaged coil out of a machine, fewer good coils have to be 
removed than in the case of the doubled-layer winding; this may 
be seen from the chain winding and the corresponding double¬ 
layer winding shown in Figs. 117 and 118. 

The chain winding requires the larger initial outlay for tools, 
but the winding itself is the cheaper because there are not so 
many coils to be formed and insulated. 

The amount of the slot section that is taken up by insulation is 
less with the chain than with the double-layer winding, as may 
be seen by comparing diagrams D, Figs. 110 and 112. 

The chain winding is now obsolete in U. S. practice; it is still 
used in European practice, perhaps 50 per cent of the European 
machines being still built of this type. 

126. Wave Windings .—The connections from coil to coil, 
marked J in diagram A, Fig, 112, and called jumpers, must have 
the same section as the conductors in the winding. When there 
are only two conductors per slot, the conductors are large in 
section and the jumpers become expensive; in such a case the 
wave winding is generally used because it requires very few 
jumpers. Such a winding is shown in Fig. 114, which shows the 
two- and three-phase diagrams. 

126. Windings with Several Slots per Phase per Pole.—Modern 
alternators have seldom less than two slots per phase per pole. 
The principal advantages of the distributed winding are that the 
wave form is improved and the total radiating surface of the coils 
increased; the self-induction of the winding is reduced but that, 
as shown in Art, 203, page 288, is in some cases a disadvantage. 
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127. Windings with Several Circuits per Phase.—The windings 
shown down to this point have all been single-circuit windings,* 
that is, windings in which all the conductors of one phase are 
connected in series with one another. It is, however, often 
necessary to use more than one circuit. 

Suppose, for example, that a large number of small alternators 
are to be built for stock; the winding used would be such that by 




a slight change in tlie connections, it (iould be made suitable for 
a number of standard voltages. 

Figure 115 shows the winding diagram for one phase* of an (‘ight- 
pole three-phase machine with two slots pcii- phase per polo. 

Diagram A shows a single-circuit connection. 

Diagrams B, C and D show possible two-circuit connections. 

When a winding is divided up into a number of circuits in 
parallel, it is necessary, in order to prevent circulating currents, 
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that the voltages in the different circuits in parallel bo equal 
to and in phase with one another. 

Diagram B does not meet this condition because the voltages 
in the two circuits shown, while of equal value, are out of phase 



E 

L 

L— ^ — 



W 

• 'tCwoL .Circuit 

Si 


Fig. 117.—Four-pole, two-phase, ehaiu winding with slots p(‘r poI(». 





1 



s, 



Tlwo Circuit 

s. 


Fig. 118. Four-polo, two-phaso, douhlo-layor windin/J! wilh oiKlit, slots per 
polo, Olio phase shown. 


with one another by the angle corresponding to one slot pitch, 
namely, by 30 deg. 

The winding shown in diagram Z) is to be preferred to that in 
diagram C for the following reasons. Figure 116 shows an eight- 
pole machine the field and armature of which are eccentric due to 
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poor workmanship in erection. The voltage generated in a 
circuit made up of conductors in slots a, h, c and d is smaller than 
that generated in a similar circuit,wound in slots e, f, g and h, 
so that if these two circuits be put in parallel, a circulating current 
will flow. Diagram C, fig. 115, shows an example of such a 
winding. 

In diagram D the coimection is such that each of the two 
circuits takes in conductors from imder all of the poles so that, no 
matter how different the air-gaps become, the voltages in the two 
circuits are always equal. 



Fio. 121.—Six-pole, three-phase, chain winding with three slots per pole. 



Fig. 122.—Three-phase chain winding with coils all alike. 

128. Examples of Winding Diagrams.—Figures 117, 118, 119 
and 120 show typical alternator-winding diagrams and should be 
carefully studied. Many other examples might have been shown 
but the subject is too wide to take up in greater detail. 

When the number of groups of coils is odd in a machine with a 
chain winding, it is impossible to have the same number of groups 
of long as of short coils, and one group must be put into the 
machine the coils of which have one side long and the other 
side short; such a winding is shown in Fig. 121 for a six-pole 
machine with three phases, one slot per phase per pole, and one 
coil per group. 

By the use of specially shaped coils, as shown in Fig. 122, 
it is possible to reduce the number of coil shapes that are required 
for a chain winding. In the particular case shown the coils are 
all alike. 
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In a single-phase machine it is generally advisable, for the 
reason explained in Art. 137, page 182, to make the winding 
cover not more than two-thirds of the pole pitch. Such a 
winding is shown in Fig. 123 for a machine with six slots per 
pole, of which only four are used. 



Fig. 123.—Four-xiolo, single-plnusa winding wiUi four active hIoIh ihu’ ixih*. 
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129. The Form Factor and the E.M.F. per Conductor. 

If <l>a is the flux per pole and p the number of poles, 
then one armature conductor cuts <#>aP lines of force per 
revolution 

or <l>aP lines per second 

and the average e.m.f. in one conductor = 4>ap 10~® volts 
The form factor of an e.m.f. wave is defined as the ratio 

Xe 

effective voltage < xu- i \/2 

--.T- -- and for a sine wave of e.m.f. this value = ^ -- 

average voltage 2,, 

^ Emax 
T 

= 1.11 


The effective e.m.f. per conductor = <l>ap 


r.p.m. 

~W 


10“® X form factor 


= 1.11 10"* lor sine wave e.m.f. 

= 2.22 0,./ 10-« (24) 

. , p X r.p.m. 

since /, the frequency = —j 2 Q— 

130. The Wave Form.—Figure 124 shows the shape of pole face 
that is in general use, and curve A shows the distribution of flux 
in the air-gap under such a pole face. The e.m.f. in a conductor is 
proportional to the rate of cutting lines of force and has, therefore, 
a wave form of the same shape as the curve of flux distribution. 

Curve A is not a sine wave but can be considered as the 
resultant of a number of sine waves consisting of a fundamental 
and harmonics. The frequency and magnitude of these har¬ 
monics depend principally on the ratio of pole arc to pole pitch. 
In Fig. 124 this ratio is 0.65 and the fundamental and harmonics 
which go to make up the flux distribution curve are shown to 
scale, higher harmonics than the seventh being neglected 
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131. Trouble Due to Harmonics.—The fundamental and haiv 
monies that go to make up an e.m.f. wave act as if each had 
a separate existence. If the circuit to which this e.m.f. is applied 
consists of an inductance L in series with a capacity C so that 
the impedance of the circuit 


= 2wfL - 


2-nfC 


then the current in this circuit consists of 
Ex 

a fundamental 


2itfiL — 


and harmonics of the form 


2iifiC 


En 


2nfnL- 


2tUC 


where E„ is the effective value of the nth harmonic. If, now, /„ 
has such a value that 2nfnL — so that the circuit is in 



Fio. 124.—E.M.F. wiivo of un uIt.(‘riiufor. 


resonance at this frequency, then the nth harmonic of cur¬ 
rent will he infinite, and the nth harmonic of e.m.f. across L 
and C individually will also be infinite. 

The above is an ideal case; in ordinary circuits the current 
cannot reach infinity on account of the resistance that is always 
present. Nevertheless, if the circuit is in resonance at the fre¬ 
quency of the fundamental or of any of the harmonics, danger¬ 
ously high voltages will be produced between different points in 
the circuit. The constants of a circuit are seldom such as to 
give trouble at the fundamental frequency; trouble is generally 
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due to high-frequency harmonics. It is desirable then to elimi¬ 
nate harmonics from the e.m.f. wave of a generator as far as 
possible, and several of the methods adopted are described below. 

132. Shape of Pole Face.—The pole face is sometimes shaped 
as shown in Fig. 125; that is, the air-gap is varied from a mininniiTn 
under the center of the pole to a maximum at the pole tip, so 



Fio. 125.—^Pole face sliaped to give a sine wave e.m.f. 

as to make the flux distribution curve approximately a sine 
curve; then the e.m.f. wave from each conductor will be approxi¬ 
mately a sine wave. 

133. Use of Several Slots per Phase per Pole.—Figure 126 
shows part of a three-phase machine which has six slots per pole 
or two slots per phase per pole. The e.m.f. generated in a con- 



A B A B 

Fia. 126.—E.M.F, wave of a three-phase alternator with two slots per phase 

per pole. 

ductor in slot A is represented at any instant by curve A, and 
that in a conductor in slot B by curve S, which is out of phase 
with curve A by the angle corresponding to one slot pitch, or 
30 deg 

When the conductors in slots A and B are connected in series 
so that their e m.fs. add up, the resultant e.m.f. at any instant 
is given by curve C, which is got by adding together the ordinates 
of curves A and B, C is more nearly a sine curve than either A 
or B. 

If the fundamental and harmonics that go to make up curves 
A and B are known, then those which go to make up curve C can 
be readily found as follows: The fundamental of the resultant 
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wave C is the vector sum of the fundamentals of A and B, which 
are 6 electrical degrees apart, and the ath harmonic of C is the 
vector sum of the nth harmonics of A and B which are (n X 0) 
electrical degrees apart. For example, curves A and B, Fig. 127, 


Ai 




Fig. 127.—The vector diagram for the furuhiincntal and the hannonicH. 


are 30 deg. out of phase with one another and oaeh eonsists 
of a fundamental and a third harmonic as shown, f -1 is tlu^ r(\siilt- 
ant of the fundamentals Ai and Bi; and Cn, th(^ third harmonic 
of curve C, is the resultant of the two third harmonics An and Bn. 



Fio. 12S.- Sh<)rt-i>itcli coil. 


134. Use of Short-pitch Windings.—Figure 12S shows a sliort- 
pitch coil. The e.m.f. waves in the conductors A aiul B out 
of phase with one another by 9 deg., but each has the sumo 
shape as the curve of flux distribution. The problem of finding 
the resultant e.m.f. wave is, therefore, the same us that discussed 
in the last article. 

If nd, the phase angle between the nth harmonics of curves 
A and B, becomes equal to 180 deg., then the corresponding 
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harmomc is eliminated from the resultant curve C since the two 
harmonics which go to make it up are equal and opposite. If, for 
example, there are nine slots per pole and the coU is one slot short, 
then the an^e 0 is 20 electrical degrees, and the ninth harmonic is 



Fig. 129.—Elimination of harmonics from the e.m.f. wave. 



Fig. 130.—Unsymmetrical waves due to even harmonics. 


eliminated from the voltage wave of the coil; in general, if the 
pitch of the coil be shortened by - of the pole pitch, then, as 

ti 

shown in Fig. 129, the nth harmonic will be eliminated. 
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It may be pointed out here that an oven harmonic is seldom 
found in the e.m.f. wave of an alternator, because the resultant of 
a fundamental and an even harmonic gives an unsyinnietrical 
curve, as shown in Fig. 130, where the resultant curve is made up 
of a fundamental and a second harmonic. If, then, the e.m.f. 
wave is symmetrical, it may be assumed that no oven harmonics 
are present. 



136. Effect of the Y- and A-coimection on the Harmonics. 
The fundamentals of the three e.m.fs. are 120 (hig. out of phase 
with one another and are represented by vectoix in diagram A, 
Fig. 131. The nth harmonics are (n X 120) deg. out of phase 
with one another. 

When the phases are Y-connected, the terminal Ea is brought to 
the potential of terminal Fi and the resultant fundamental 
between Si and S 2 is represented by the vector S 1 S 2 and == 1.73 
times the fundamental in one phase. In the case of the third 
harmonic the e.m.fs. are (3 X 120) = 3R0 dog. out of phase with 
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one another and are represented by vectors in diagram Bi the 
resultant third harmonic between Si and Si is zero so that, in a 
Y-connected alternator, no third harmonic, nor any harmonic 
which is a multiple of three, is found in the terminal voltage wave. 

When the phases are A connected, any harmonic in the voltage 
wave of one phase will also be found in that of the terminal volt¬ 
age; a greater objection to the use of this connection for alterna¬ 
tors is that the harmonics cause circulating currents to flow in the 
closed circuit produced by the A-connection. Diagram C 
shows the voltage vector diagram for the fundamentals in the 
e.m.f. wave of each phase; the three vectors are 120 deg. out of 
phase with one another, and the resultant voltage in the closed 
circuit due to the fundamentals is zero. 

Diagram D shows the voltage vector diagram for the third 
harmonic in the e.m.f. wave of each phase. The three vectors 
are 360 deg. out of phase with one another, and the resultant 
voltage in the closed circuit due to the third harmonics is three 
times the value of the third harmonic in one phase. A circulat¬ 
ing current will flow in the closed circuit, of triple frequency'and 
3E 

of a value = where Ez is the effective value of the third 
OZz 

harmonic in each phase and Zz is the impedance per phase to the 
third harmonic. 

136. Harmonics Produced by Armature Slots.—Figure 132 
shows two positions of the pole of an alternator relative to the 
armature In position A the air-gap reluctance is a minimum 
and in position Z? is a maximum. The flux per pole pulsates, 
due to this change in reluctance, once in the distance of a slot 
pitch, or 2a times in the distance of two pole pitches, where a = 
slots per pole, and the e.m.f. generated in each coil by the main 
field goes through one cycle while the pole moves, relative to the 
armature, through the distance of two pole pitches; therefore, 
the frequency of the flux pulsation = 2a/. 

The flux per pole then consists of a constant value <i>a, and a 
superimposed alternating flux which has a frequency of 2a 
times the fundamental frequency of the machine, or at any 
instant the flux per pole 

= -j- <^i cos 2ad 

where + <^>i is the maximum value of the pulsating flux and 
6 is the angle moved through from position A, Fig. 132, in elec- 
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trical degrees; therefore, the flux threading coil C, which is a 
full-pitch coil, 

■ = <t>a + when the coil is in position A 
= l^a + 01 cos 2ae] cos 0 when the coil has moved through 
6 electric degrees relative to the pole 
and the e.m.f. in coil C at any instant 



JUlilJUUl 


Ro. 132.—^Variation of the air-Kup reluctance 

_ _ 17 ^( 0 ° + 01 COS 2 ofl)cos 0 
dt . 

^ 01 cos 2 a^)cos 0 ^ d0 

""'d0 ^di 

= —27i/[ —sin fl( 0 o -1- 01 cos 2ai?) — cos 0(2a0i sin 2ti0)]Z 

= 27i/[0a sin 0 -f- 01 sin 0 cos 2a0 2 a 0 i cos 0 sin 2a0JZ 

= 2irf[0„ sin 0 -f {sin (2a + 1)0 - sin (2« - 1)01 + jHin 

(2a + 1)0 + sin (2a - l)0l]Z 

= sin 0 + (2a + 1)0) + ~ 

(2a - 1 )«)] 

SO that, due to the variation or the air-gap reluctance as the j)()les 
move past the armature slots, two harmonics are produced which 
have frequencies of ( 2 a + 1 ) and of ( 2 tt — 1 ) times that of the 
fundamental, respectively. 

A convenient physical interpretation of the above result is 
as follow^s: A and J5, Fig. 133, are two equal trains of waves 
which are constant in magnitude, and move in opposite directions 
at the same speed. The resultant of two such wave trains 
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superimposed on one another is a series of stationary waves as 
shown at C. 

A stationary wave such as that of the alternating magnetic 
field in the air-gap of an alternator due to a variation in the 
air-gap reluctance, can, therefore, be exactly represented by two 
progressive waves of constant value which move in opposite 
directions through the distance of two pole pitches while the 
alternating wave goes through one cycle. 

Consider both of these waves or fields to exist separately 
from the main field; then, when the pole moves with the constant 



Fig. 133.—Resolution of a stationary wave into two progressive waves. 

flux <l>a, through a distance y relative to the armature, one of these 
constant progressive fields moves through a distance 2ay relative 
to the pole, or through a distance (2a + l)y relative to the 
armature, while the other moves through a distance — 2ay 
relative to the poles, or through a distance — (2a — l)y relative 
to the armature. If, then, the fundamental frequency of the 
generated e.m.f. is /, the two other fields will generate e.m.fs. of 
frequencies == (2a + 1)/ and (2a — 1)/, respectively. 

To keep down the value of these harmonics the reluctance of 
the air-gap under the poles should be made as nearly constant 
as possible for all positions of the pole relative to the armature 
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137. Effect of the Nximber of Slots on the Terminal 
Figure 134 shows the winding diagrams for an alternator with 
six slots per pole and wound for single, two and three phase, 
respectively, the same punching being used in each case. The 
e.m.fs. in the conductors in adjacent slots are out of phase with 
one another by the angle corresponding to one slob pitch 
= 30 electrical degrees. 

In the three-phase winding, the conductors in slots A and B 
are connected in series so that their voltages act in the same 



D • Sinffle FJbase 


Fig. 134.—Effect of the distribution of tho windinK ou tlio torininal volfiiKo 

direction; the resultant voltage Er, diagram E, is not e<iual to 
2e, where e is the voltage per conductor, but is the resultant 
of two e.m.fs. e which are 30 deg. out of phase with one anotlier 
and = 2e X 0.96. 

In the case of the two-phase winding, the conductors A, B and 
C are connected so that their voltages add up and tho resultant 
voltage Er = 3e X 0.91. 

In the case of the single-phase winding whei'o all the con¬ 
ductors are used, the resultant voltage Er = 6e X 0.64, while if 
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only four of the six slots per pole are used, .as shown in diagram 
D, the resultant voltage Er - ie X 0.84, which is only 10 per 
cent lower than that obtained when all six slots are used. A 
gain of 10 per cent in voltage is not worth the cost of the 50 per 
cent increase in armature copper that is required, so that single¬ 
phase machines are generally wound as shown in diagram i). 

138. Rating of Alternators.—The maximum voltage that an 
alternator can give continuously is limited by the permissible 
value of the flux per pole, and the maximum current is limited by 
the armature copper loss which, along with the core loss, heats 
the machine. When the value of volts and amperes is fixed, the 
kilowatt rating depends only on the power factor of the load. 
The power factor is a variable quantity, and one over which the 
builder of the machine has no control, so that an alternator is 
generally rated by giving the product of volts and amperes 
which is called the volt-ampere rating, and this quantity divided 
by 1000 gives the rating in k.v.a. (kilovolt amperes). 

139. Effect of the Number of Phases on the Rating.—Consider 
the four machines whose winding diagrams are shown in Fig. 134, 
and let the number of conductors per slot be the same in each; 
then the voltage per phase is given in the following table: 

Number of Phases Voltage per Phase 

Singlo-phaso (all slots used) constant X (ie X 0.64 

Singlcj-phase (two-thirds of slots used) constant X 4e X 0.84 
Two-phase constant X 3e X 0.91 

Three-phase constant X 2c X 0.96 

Since there are the same number of conductors per slot, 
these conductors have the same section and, therefore, carry the 
same current Ic] the volt-ampere rating, which equals volts per 
phase X current per phase X number of phases, is given in the 
following table: 


Number op Phases 

Volt-ampere Rating 

Relative 

Rating 

Single-phase (all slots used) 

constant X 6c X 0.64 X 1 X 

64 

Single-phase (two-thirds of 
slots used) 

constant X 4c X 0.84 X 1 X le 

56 

Two-phase 

constant X 3c X 0.91 X 2 X /e 

91 

Three-phase 

constant X 2c X 0.96 X 3 X L 

96 


In practice the machine is given the same rating for both 
two- and three-phase windings, although the three-phase machine 
is the better, and is given approximately 65 per cent of this rating 
when wound for single-phase operation. 
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140. The General E.M.F. Equation.—It is shown in Art. 137 
that, when the winding of an alternator is distributed, the 
terminal voltage is less than Z Xe 
where Z = conductors in series per phase, 
e = volts per conductbr, 

and is equal to kZe where k is the distribution factor and is 
found from the following table, which is worked up by the 
method explained in Art. 137: 

Slots pbr Phasb Distribution Factor 


pbr Polb 

Two-phasb 

ThRUB-PIIAM]!! 

1 

1.0 

i .0 

2 

0.924 

0.966 

3 

0.911 

0.06 

4 

0.906 

0.058 

6 

0.903 

0.056 

infinite 

0.898 

0.055 


The single-phase results are not tabulated since they depend on 
the number of slots that are used by the winding. 

When a short pitch is used, as is often done with double-layer 
windings, then, as shown in Mg. 135, which shows part cf a 
three-phase double-layer winding with three slots per phase per 
pole, the two adjacent belts A and B are out cf phase with one 



another by 0 deg., and, as shown in Fig. 136, the resultant voltage, 
when these two belts are put in series, is equal to twice the 

voltage in one belt multiplied by cos 

A 

It was shown in Art. 129 that the effective e.m.f. per con¬ 
ductor = 2.22<^a/10~® volts. 

If the winding is full pitch and is not distributed, then the 
voltage per phase = 2.22Z4>^lQr^ volts. 
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If the winding is full pitch and is distributed, the voltage per 
phase 

= 2.22kZ(l>4lO-^ (25) 

and finally, if the winding is short pitch, so that the winding 
belts are out of phase with one another by 6 deg., and is also 
distributed, then the voltage per phase 

== 2.22 kZ4>aflO-^ cos -■ (26) 



Fig. 136.—Vector diagram for a short-pitch winding. 
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CONSTRUCTION OF ALTERNATORS 

Figure 137 shows the type of construction that is generally 
used for horizontal shaft alternators of moderate speed. It 
shows the revolving field tjT)e—as is universal iji modern alter¬ 
nators. The type of construction varies, depending on whether 
shaft is horizontal or vertical and upon the speed of operation. 



Pio. 137.—llovolvinK fiold ullt'nialor. 


141. The Stator. In the revolving field type of machiiut the 
stator is the armature. In Pig. 137, li, tlui stator core, is built 
up of laminations of sheet steel 0.014 to 0.0172 in. thick, which arc 
insulated from one another by layers of varnish and are then 
naounted in a self-supporting cast-iron yoke A, These lamina¬ 
tions are punched on the inner periphery with slots C which carry 

1S6 
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the stator coils D. The type of slot shown is the open slot; it has 
the advantage over the closed slot that the coils can be fully 
insulated before being put into the machine and can also be more 
easily repaired. 

The stator core is divided into blocks by means of vent seg¬ 
ments, and the ducts thereby provided allow air to circulate freely 
through the machine to keep it cool. The vent ducts are spaced 
l}i to 3 in. apart and are ^ to M hi- wide. 



Fia. 138.—Poles and field coil. 


The stator laminations and vent segments are clamped between 
two cast-steel end heads E. When the teeth are long, they are 
supported by strong finger supports placed at F, between the end 
heads and the end punchings of the core. 

When the external diameter of the stator core is less than 
30 in., the core punching is generally made in a complete ring; 
when this diameter is greater than 30 in., the core is generally 
built up in segments which, as shown in Fig. 137, are fixed to the 
yoke by means of dovetails; the segment of adjacent layers of 
laminations break joint with one another so as to overlap and 
produce a solid core. 

142. Poles and Field Ring.—Inside of the stator revolves the 
rotor or revolving field system. The poles G carry the exciting 
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coils H and are excited by direct current from some external 
source. 

The excitation voltage is independent of tho terminal voltage 
of the machine and is generally chosen low, so that for a given 




Fig. 140.—Stator of a horizontal shaft modenilt' spood alh'nmlor. 

excitation the field current will be comparatively large and the 
field coils will have few turns. 

For the usual excitation voltage of 125 it will generally be 
possible, except on the smaller machines, to use the typo of field 
winding shown in Pig. 138, which is made by bending strip copper 
on edge,* the layers of strip copper are insulated from one another 
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Fig. 141.—Rotor of a horizontal shaft moderate speed alternator. 



Fig. 142.—Detail of pole fastening in a moderate speed alternator. 
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by layers of insulation about 0.01 in. thick, and the whole held coil 
is supported by and insulated from the poles and field ring as 
shown at A, Fig. 139. For small machines the excitation loss is 
comparatively low, and with an excitation voltage of 125 the 
section of the wire is too small and the number of turns required 
too large to allow the use of a strip copper coil; in such cases 
double cotton-covered square wire is used as shown at Ji, Fig. 139; 



Pl(5. 14;j.—HiRh spocHl rotor with a laiiiitialcd mU'cI riiiK 


the coils are tapered so as to allow free circulation of air around 
them. 

Since the number of poles in an alternator is fixed by the si)ecd 
and the frequency, it rarely happens that this number is sutth as 
to allow the use of a pole of circular section; the i)ole is generally 
rectangular in section and, as shown in Fig. 138, is built tip of 
punchings of sheet steel 0.025 in. thick which are riveted together 
between two cast-steel end plates. 
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The poles are generally attached to the field ring by means of 
bolts as shown at K, Fig. 137, or by means of dovetails and 
tapered keyis as shown at L; two tapered keys are used which 
are driven in from opposite ends; the dovetail fastening is the 
more common. 


Co// Support 


Po/e 

Punchini 



Side Elevation Longitudinal Section 

Fitj. 144.- llijiih kik'cmI ruturc rotor with plate steel ring. 


The exciting curront is led into the revolving field system by 
means of brushes which bear on cast-iron or cast-brass slip rings; 
the slip rings are carried by and insulated from the shaft as 
shown at M ; the brushes are. generally of so-called metal graph- 
■te” and carry from 100 to 150 amperes per square inch. 

The stator of an alternator is seldom split except in the case 
of very large machines, where it is done for convenience in ship¬ 
ment. In order that the stator windings can be examined and 
easily repaired, it is advisable to arrange in horizontal shaft 
machines that the whole stator slide axially on the base, and the 
key shown at iV is for the purpose of keeping the alignment 
correct. 

Figure 140 shows the stator and Fig. 141, the rotor of a typical 
horizontal shaft alternator of moderate speed. 
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143. High-speed Generators.—Figure 141 shows the rotor 
construction when the speed is moderate. In this case the rotor 
to which the poles are dovetailed is a steel casting. This con¬ 
struction is shown somewhat more in detail in Fig. 142. For 
higher speeds, where the centrifugal forces are higher, a preferable 
type of construction is shown in Figs. 143 and 144. Figure 143 
shows a rotor construction in which the ring to which the poles 
are dovetailed is itself of laminated material and is in turn 
dovetailed to the driving spider. Figure 144 shows a construc¬ 
tion suitable for still higher 
speed, wherein the ring is made 
up of steel plates. The con¬ 
structions shown in Figs. 143 
and 144 are preferable to that 
shown in Figs. 137 and 142 
because of the certainty of 
obtaining a ring without flaws 
and in which there are no 
initial stresses. C^ast rings 
such as shown in Figs. 137 and 
142 can theoretically be re¬ 
lieved of pra(itically all inter¬ 
nal stresses by a proctess of an¬ 
nealing; however, tlunvi is no 
inspection that cian be made to 
insure that th((se stresses a(!tn- 
ally have been relieved—short of cutting up tlu! casting. With 
rolled material, on the other hand, there is a (uu-tainty l.hat no 
internal stresses of serious magnitude will nunain after rolling. 

Figure 145 shows the rotor of an eight-pole alt(irnator without 
shaft or poles. This is of laminated matcirial also. 



Fig, 146,—^Laminated steel body ready 
to receive polos. 


144. Vertical Shaft Generators.—In many cases, a vertical 
shaft generator fits into the design of the power plant hotter than 
does a horizontal shaft. The general prohlctn of electrical design 
is not materially changed by use of a vertical shaft; the main 
difference is the need for a thrust bearing, and this is a mechani¬ 
cal problem rather than electrical. Figure 146 shows the cross- 
section of a typical vertical shaft generator with direct connected 
exciter. This is a 8500-k.v.a. machine at 6600 volts, 164 r.p.m. 
and is typical of modem vertical type construction. 
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A subsequent chapter (Chap. XXII) deals with the special 
problems met in the design of high-speed alternators, particularly 



Fio. 146.—Cross section of a vertical shaft alternator with direct connected 

exciter. 


with the turbo-alternator where the speeds are made as high as 
the materials used will permit. 








CHAPTER XVII 


INSULATION 

The insulation of low-voltage machines has boon discussed 
in Chap. IV and presents no particular difficulty, since insu¬ 
lation which is strong enough mechanically is generally ample for 
electrical purposes up to 600 volts. For higher voltages, how¬ 
ever, the thickness of insulation required to prevent break-down 
is great compared with that required for mechanical strength and, 
unless such insulation is carefully designed, trouble is liable to 
develop. 





146. Definitions.—If a difference of electric! j)ol,(!n(,i; 
established between two electrodes a and b, Fig. 147, \vhi( 
separated by an insulating material or dielectrie, a moh 
strain will be set up in the dielectric. 

This molecular strain is conveniently represented by lii 
dielectric flux, and the number of lines per unit area, wli 
called the Dielectric Flux Density, is taken as a measure < 
strain. 

When the dielectric flux density reaches a certain critical value, 
the material is disrupted and loses its insulating properties; 

194 
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this critical value depends on the nature, thickness and condition 
of the material. 

The distribution of dielectric flux depends largely on the shape 
of the electrodes, as shown in diagrams A and 5, Fig. 147. When 
an insulating material of uniform thickness t is placed between 
two parallel plates and subjected to a voltage E, the dielectric 
flux density or molecular strain is uniform through the total 
thickness of the material and is conveniently represented by the 


E 

ratio —> the volts per unit thickness. 
t 


Under such conditions of 


test, the highest eifective alternating voltage that 1 mil (0.001 in.) 
thickness of the material will withstand for 1 minute is generally 
called its Dielectric Strength. 



Fio. 148.—Potential gradient at a slot corner. 


When the dielectric flux density is not uniform throughout 

E 

the total thickness of the material, the ratio j’ the volts per 

unit thickness, has little meaning. In Fig. 148 for example, 
which shows the dielectric flux distribution at the corner of a 
slot, it will be seen that the dielectric flux density, or molecular 
strain, is greatest at the surface of the conductor and decreases 
as the lines spread out. Under such conditions the strain at any 
point is conveniently expressed by what is known as the PotenticU 
Gradient at the point, where this quantity is the volts per unit 
thickness that would be required to set up the same dielectric 
flux density as that at the point in question if the material were 
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of uniform thickness and tested between two parallel plates. 
The potential gradient across ab is given by curve A. 

146. Insulators in Series.—If an air film be placed between 
two electrodes and subjected to a difference of potential, a certain 
dielectric flux density will be produced in the air. If now the air 
be replaced by mica, a greater dielectric flux density will be 
produced for the same difference of potential. The Specific 
IndwMve Capacity of an insulating material is defined os 
the dielectric flux d ensity in the material 
^ the dielectric flux density in air 
for the same value of volts per mil. 

Figure 149 shows two cases of dielectric subjected to a differ¬ 
ence of electric potential between electrodes of the same size and 
the same distance apart. In A the dielectric is air, and in R is 



Fio. 140.—Effect of the specific inductive capacity of the dioloctric on the 
dielectric flux density. 


made up of air and mica in series. Since the specific inductive 
capacity of mica is greater than that of the air whitdi it r<if)laccH, 
being about six times air, the dielectric flux donsity is grcMiter 
in B than in A for the same difference of potential between the 
electrodes, and the air in B is subjected to a greater strain than 
that in A, so that it will break down at a lower value of voltage 
between the terminals, although at the same value of volts per mil- 
Since in B the two materials, air and mica, arc in scries, the 
dielectric flux density is the same in each and, therefore, from 
the definition of specific inductive capacity, 
the wits per mil thickness in the mica _ 
the volts per mil thickness in the air ~ 

_ 1 

specific inductive capacity of mica 

* y (approximately). 

The greater the thickness of mica in the total thickness between 
electrodes the larger will be the dielectric flux density and the 
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greater, therefore, the value of volts per mil thickness in the air 
for a given voltage between the electrodes. 

147. Dffect of Air Ulms in Insulation.—^From the above 
discussion it will be seen that, should there be an air film in the 
thickness of a solid dielectric, then, for a perfectly conservative 
value of volts per nul of total thickness of the dielectric, the 
volts per mil across the air film may be sufficient to disrupt it if 
the solid dielectric have a specific inductive capacity greater 
than one. 

When air is disrupted ozone and oxides of nitrogen are formed, 
these oxidize nearly all the insulators used for electrical machin¬ 
ery except mica and thereby seriously impair their insulating 
properties. 

148. The Design of Insulation.—The voltage that a given 
insulation will stand depends on; 



Fio. 150.—Effect of the voltage on the thickness of the slot insulation. 


The thickness of the insulation; 

The dielectric strength of the material; 

The potential gradient across the material; 

The length of time that the voltage is applied. 

149. The Thickness of the Insulation.- Figure 150 shows the 
slot of an alternator insulated in the one case for high voltage 
and in the other case for low voltage. If the space occupied by 
insulation could be filled with copper, the output of the machine 
could be considerably increased, so that high-voltage insulation 
problems are not solved economically by indefinitely increasing 
the thickness of the dielectric with increasing voltage, but by 
the selection and proper use of the most suitable materials. 

160. The Potent!^ Gradient.—Insulating materials break 
down wherever they are overstressed, and if the stress is not 
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uniform, they break down first at the point of highest stress; it is 
therefore, necessary to make a study of the distribution of stress, 
or of the potential gradient in the material. 

Consider the case of the slot corner shown in Fig. 148; the 
lines of dielectric flux pass radially from the conductor to the 
side of the slot, so that the dielectric flux density is a maximum 
at the surface of the conductor and a minimum at the surface of 
the slot, and the potential gradient curve, if the dielectric is 
of the same material throughout, is as shown in diagram A. 
The innar layers of the insulation, therefore, carry more than 
their share of the voltage, and these layers break down long 
before the stress in the outer layers reaches the break-down 
point. 



It is possible to make the outer layers carry tlufir share! of tlu! 
total voltage by grading the insulation in the following way: 
Materials having different specific inductive capacitieis are! use'el 
and put on in layers in such a way that thes Ie)wer the! spe'ciliei 
inductive capacity the further away is the material fre)m f,he! 
conductor. This relieves the streun on the inner ljiye!i>i l)t!e!iiuse', 
as pointed out in the discussion of insulators in scrie!s, the veeltago 
required to send a given dielectric flux through ei hiyer e)f insuhit- 
ing material is inversely as the specific inductive ceipaeeity of the 
material, so that the higher the specific inductive capacity of the 
inner,layers the lower the voltage drop across these layers and 
the higher, therefore, the voltage drop across the outer layers. 
The potential gradient at the comers for such insulation, made up 
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in three layers, is shown in diagram B, Fig. 161, Grading of the 
insulation would, therefore, tend to equalize the voltage stresses 
at the corners of the conductors in the slot; but on the flat por¬ 
tions of the conductor, this grading would give an undue stress 
on the outside layer of insulation. Grading of insulation can be 
made of use only when the radius of curvature of the conductor is 
uniform, that is, with a round conductor in a round slot. This 
form of slot is not applicable to alternators because of the limited 
conductor area that it would necessitate. It would be impossible 
to get in the required cross-section of copper conductor and at 
the same time have sufficient iron cross-section for the necessary 
magnetic flux. While grading of insulation may'be considered 
for insulated cables, it is not applicable to A.-C. machinery. 

The potential gradient can be controlled in many cases by a 
slight alteration in the shape of the surfaces to be insulated from 
one another. Figure 162 shows three cases of slot insulation, 



A 
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Fio. 152.—Effect of the shape of the surfaces to be insulated on the distribution 

of dielectric flux. 

and it is evident that the potential gradient is more uniform in 
case B than in case A, while case C is the best of the three because 
of the extra thickness of the dielectric at the corner; in this last 
case the insulation generally punctures between the parallel 
sides of the slot and conductor, and not at the corner. 

161. Time of Application of Electric Strain.^—That the voltage 
at which an insulating material will puncture depends on the 
length of time that this voltage is applied is shown by the curve 
in Fig. 153. E is the maximum voltage that the material will 
withstand for an infinite length of time without deterioration 
due to heating and consequent puncture. 

If air films are present in the insulation, then a lower voltage 
than E will cause puncture if applied for some time, but the action 
in this case is a secondary one. 

In Art. 146, page 196, it was pointed out that the stress on an 
air film bedded in a material of specific inductive capacity greater 

^Fleming and Johnson, Jour. Inst. Elec. Euq., Vol. 47, p. f530. 



200 


ELECTRICAL MACHINE DESIGN 


one is very high, and that the him may become ruptured 
and ozone and oxides of nitrogen be produced which attack 
the other insulation causing deterioration and consequent 
pimcture. 

The amount of these gases produced by the rupture of a thin 
air film, is not enough to do much harm unless there is a constant 
supply of air to the film. When an electrical machine is started 
up, its coUs become heated and, since the gases in the film expand, 
some of them are expelled. When the machine is shut down, the 
coils cool off, the gases in the film contract, and a fresh supply of 
air is drawn in. This action is known as the breathing action 
of the coils. 

Trouble due to this breathing action takes months to develop 
and usually shows up as a break-down between adjacent turns; 



Fig. 153.—Effect of time on the puncture voltage. 


the insulation between these turns, having become brittle due to 
oxidization, readily pulverizes due to vibration. The trouble can 
be eliminated by constructing the coils so that they contain no 
air pockets, and in the endeavor to do this various methods have 
been adopted for impregnating the coils and sealing their ends. 
The compounds generally used for impregnating purposes are 
made fluid by heating to a temperature of about 100® C., and in 
cooling to normal temperatures most of them contract about 10 
per cent and this 10 per cent becomes filled with air. 

Since, with the present methods of insulating, it may be con¬ 
sidered impossible to eliminate all the air pockets from a coil, it 
is necessary to keep the stress in the air films below that value at 
which they will rupture. This can be done by increasing the 
totd thickness of the insulation and also by the use of material 
which has a low specific inductive capacity. It is unfortunate 
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that mica, which is one of the most reliable of insulators, has a 
high specific inductive capacity; a good composite insulator can 
be made up of mica paper, which consists of a layer of Tninn. 
backed by a layer of paper; the specific inductive capacity of 
the former is about six, and of the latter is about two, while the 
combination has a value between these two figures. 

Such an insulation is described fully on page 33 and may be 
expected to withstand about 70 volts per mil indefinitely without 
trouble due to the break-down of air fObns. Por such insulation, 
then, the minimum thickness in mils between the conductor and 

the side of the slot = jf the insulation were 


made up entirely of mica, a greater total thickness would be 
required on account of the high specific inductive capacity of 
the mica, while if made up entirely of paper, a smaller total 
thickness would be required so far as the break-down of the 
air film is concerned, but paper is not reliable as an insulator 
when used alone. 

152. Design of Slot Insulation.—Slot insulation for A.-C. 
machinery is very similar to that for D.-C. as described in Chap. 
VI. The main difference is that the voltages in A.-C. machines 
are in general much higher than in D.-C., and a thicker insulation 
is necessary. 

The materials in general use are mica built in layers on paper 
or cloth and used as wrappers or in tape form as described in 
Chap. IV. Varnished cambric is also used on account of its 
high dielectric strength and its ability to adhere closely to sharp 
bends; it is used mostly on the end portions of the coils and on 
the leads between coils. On this portion of the coil, tempera¬ 
tures can more easily be kept down to the value allowed for class 
A insulation; the temperatures on the slot portion are usually 
higher and the mica in the wrapper is sufficient to make it class B 
insulation and so available for higher temperatures. (Note: 
The definitions for these classes of insulation as formulated by 
the A.I.E.E. are given in Chap. IV, Art. 32, p. 32.) 

The temperature rise allowable under the 1925 A.I.E.E. stand¬ 
ards rules are slightly different in A.-C. machinery from those for 
D.-C.; they are as follows: 
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Item 

Description of part 

Method of 
determining 

Limiting tempera¬ 
ture rise in degrees 
Centigrade 


temperature 

Class A 
insulation 

Class li 
insulation 

1 

Insulated armature windings on 
machines of 750 k.v.a. and below 

Thermometer 

50 

70 

2 

Insulated armature windings with 
two-ooil sides per slot on stators 
of machines above 750 k.v.a. 

Embedded 

detector 

GO 

SO 

3 

Insiilaterl field windings. 

Rcsistanc,e 


00 



4 

Collector rings (the class of insu¬ 
lation refers to insulation af¬ 
fected by heat from the collector 
rings which insulation is em¬ 
ployed in the construction of the 
collector rings or is adjacent 
thereto) 

Thermometer 

65 

S5 

1 

5 

Cores or mechanical parts in 
contact with or adjacent to 
insulation 

Thermometer 

50 

70 

6 

Miscellaneous parts (such as brush holders, bnislu's, poI(‘ lips, (d.e.) 
other than those wlioso tenip(u*atur(‘H aIT(*(d. tin* ^(uuperMt^^•e of Mi(‘ 
insulating material may attain such t.(*mp(‘ra.tun‘ as may not be 
injurious. 


□ 

□ 

□ 


□□□□□□ 

□ 

□ 

□ 

□ 

u 

1 1 

1_i 

1- 

i 

□ 

□ 

□ 

□ 

□□□□□□ 

□ 

□ 

□ 

□ 

□□□□□□ 


^ B 

Kio. 154.—Applination of sh(tU!ic paper Htriim in coil inHuIaiiou. 
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The puncture test as recommended by the 1925 A.I.E.E. stand¬ 
ards rules is twice rated voltage plus 1000 volts. 

Figure 154 shows two ways of applying shellac paper strips 
for binding coils prior to insulating. These strips are coated 
with shellac and are used merely as an agency for holding the coil 
in shape while applying the outside insulation. The conductors 
are individually insulated to withstand the internal service 
voltage. End connections between coils or groups of coils 
should be insulated to withstand full voltage between terminals. 

To minimize surface leakage, the slot insulation should be 
carried beyond the core for the distance set forth in Art. 40, 
Chap. IV. 

163. Insulation between Conductors in Same Slot—In high- 
voltage alternators the number of turns per coil is high and the 
size of wire or ribbons is comparatively small. Figures 155, 156, 
157 and 158 show sections through four alternator slots; in 
Fig. 155 the winding is composed of one layer with six conductors, 
each composed of four wires in parallel. This method of winding 
is least expensive and has no cross-overs and is preferred to any 
of the other types. In Fig. 156 the winding is wound straight up 
with the distributed cross-overs on the coil end. The conductors 
are numbered in the order in which they are wound. This coil 
is more expensive and is confined to smaller sections of wire or 
ribbon. In Fig. 157 the two layers are wound separately in the 
order in which they are wound and then assembled, and the start¬ 
ing leads of each layer connected. This form of winding requires 
additional insulation over the layers to withstand the maximum 
voltage between layers, and for this reason is often prohibitive 
owing to the space required for insulation. It is also avoided, if 
possible, owing to the full voltage of the coil between the starting 
and finishing leads. 

In Fig. 158 the coil is wound as in Fig. 157 except the starting 
of one layer connects to the finishing of the adjacent layer which 
halves the voltage between layers. All conductors are insulated 
with double or triple cotton-covered wire and the coil treated by 
the vacuum impregnating process or immersed in an insulating 
varnish and baked in ovens prior to insulating with the slot 
insulation, consisting of mica and paper insulation on the embed¬ 
ded portion subjected to higher temperatures and treated cambric 
and cotton tape over the end portion which is ventilated and sub¬ 
jected to lower temperatures. Coils are again immersed several 
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times in an insulating varnish to resist moisture, oil, dirt, etc. 

The insulation on alternators from 220 to 13,200 volts consists 
of mica and paper wrappers. The number of thicknesses depends 



Fig, 166. 


Fki. 150. 



Fia. 157. Fki. ir,s. 

Figs. 156, 156, 157 and 158. —Showir)#r variouH oonduolor iirranK<‘in<‘iitH within 

arniutiiro roihs. 


on the voltage. A section through the slot and insulation is 
shown in Figs. 159 and 160 and the insulation consists of: 

(6) one layer not lapped 0,0045 thick cotton tape; with heavier 
sections of copper 0.007 cotton tape is used. 
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(e\ Mica and paper wrapper. With voltages under 4000 
and capacities under 3000 k.v.a., wrappers are usually applied by 
hand and held in place by taping with cotton tape. The end 
tapings of varnished cambric are applied at the same time the 
slot insulation is, and the coils are again immersed in insulating 
varnish several times to resist moisture, oil, dirt, etc. 



Fio. 1:A). Tin. 160. 

Fio. 159.—C’ross seftioii through u 11,000 volt jiltoriKiior urn'aturo coil 
Fio. 160.—CrosH section through u 13,200 volt alternator armature coil. 


With larger alternators and turbo-generators with voltages of 
4000 and over, the slot insulation consists of micarta folium. 
With this method the mica is hand built on thin paper using a 
shellac bond, very similar to the wrappers for the lower voltages, 
and applied to the coil by a special wrapping machine under 
pressure and heat. Then the coil is pressed in cold presses until 
the shellac has hardened, which renders the insulation firm and 
solid. 
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Figure 159 shows the insulation for an 11,000-volt synchronous 
generator with mica or cotton insulation on separate strands in . 
each conductor and mica insulation over the conductors with 
mica insulation over the coil. The details of this insulation are: 

(а) Two coverings of cotton yam or one layer of 0.004 mica 
tape on strands. With this arrangement of copper strands all 
the strands are insulated from each other, although only the (a) 
strands are insulated. . 

(б) One layer of 0.0045 cotton tape binding conductors and 
two layers of 0.004 mica tape, each layer half lapped with one 
layer of 0.0045 cotton tape binding the mica. 

(c) Hard-baked built-up mica 0.02 thick between conductors. 

Id) One layer of 0.0045 cotton tape binding the coil. The coil 
is then impregnated in a moisture-resisting compound and ijrosscd 
prior to receiving the final mica insulation on the slot portion 
and the varnished cambric on the end portion. 

(e) Micarta folium insulation. This insulation is fii-st applied 
as tightly as possible by hand and then placed in a spcicial machine 
equipped with electrical heating elements which rcvolvcj under 
pressure, softening the bond and tightening the insulaiiion. 
The wrappers are then pressed in cold presses to re(Hiii'(!d diiixm- 
sions. The joints between the wrappers and the taping of var¬ 
nished cambric are sealed with a special compound r(md(UMng the 
joint equal in dielectric strength to the end tapings. (roil 

ends are then given a number of varnish troatimuits to r(‘nd(ri* 
them moisture, oil and dirt resisting. 

Figure 160 shows the insulation for a l.‘{,2()0-volt liirhine 
generator with mica insulation on the scparat(5 strands in <*a(!h 
conductor and mica insulation over thcr condmitors wit.h inicra 
insulation over the coil. The details of this insulation are: 

(а) Each strand taped with one layer of O.OOl mica tape', 
half overlapped. 

(б) One layer of 0.0045 cotton tape binding (iondmrtors with 
two layers of 0.006 mica tape each layer half lapped wii,h one 
layer of 0.0045 cotton tape binding the mica. 

(c) Hard-baked built-up mica 0.02 thick between conduertors. 

(d) One layer of 0.007 •cotton tape binding the coil. 'I’lic (toil 
is then impregnated in a moisture-resisting compound and pressed 
prior to receiving the final insulation in the slot portion and the 
varnished cambric on the end portion. 
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(e) Micarta folium insulation. This insulation is iSrst applied 
as tightly as possible by hand and then placed in a special machine 
equipped with electrical heating elements which revolve under 
pressure, softening the bond and tightening the insulation. 
The wrappers are then pressed in cold presses to required dimen¬ 
sions. The joint between the wrapper and the taping of var¬ 
nished cambric is sealed with a special compound rendering the 
joint equal in dielectric strength to the end tapings. The coil 
ends are then given a number of varnish treatments to render 
them moisture, oil and dirt resisting. 

154. Volts per Mil on Insulation.—In modern A.-C. machinery 
the thickness of insulation used is approximately that given in 
Art. 151, i.e., approximately 70 volts per mil referred to the 
terminal voltage of the machine. For 2200 volts and below, 
this thickness is somewhat increased for mechanical reasons; a 
thickness of insulation as dictated above would be so thin as to 
be liable to mechanical bruising. 



CHAPTER XVIII 

ARMATURE REACTIONS IN ALTERNATORS 
POLYPHASE MACHINES 

166. The Armature Fields.—a and b, Pig. 161, are two con¬ 
ductors of one phase of a polyphase alternator. When current 
flows in these conductors, they become encircled by lines of force. 
These lines may be divided into two groups; <l>r, the lines which 
pafia through the magnetic circuit and whose effect is called 
amoture teoxHon, and 0*, called leakage lines, which do not pass 
through the magnetic circuit and whose effect is called arma^ire 
readance. 

166. Armature Reaction.—Diagram A, Fig. 162, shows an end 
view of part of a three-phase alternator which has six slots per 
pole. The starts of the three windings are spaced 120 electrical 
degrees apart and are marked Si, Sj, Si. The armature moves 





Fio. 101.—Tho armature fiolds. 

relative to the poles in the direction of the arrow, and the c.m.f. 
in each phase at any instant is given by the curves in diagram F. 
In diagram A is shown the relative position of tho armature and 
poles, and also the direction of the e.m.f. in each conductor, at 
instant 1, diagram F, at which instant the c.m.f. in phase 1 is 
a maximum. 

Let the current be in phase with tho generated e.m.f.; then 
diagram G shows the current in each phase at any instant, and 
the three diagrams, B, C and D, show the direction of the current 
in each conductor and also the relative position of the poles and 
armature at the three instants 1, 2 and 3. It may be seen from 
these diagrams that the currents in the three phases produce a 
resultant armature m.m.f. which moves in the same direction as 
the poles and at the same speed. Since the armature resultant 

208 
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m.m.f. is added to that of the main field at one pole tip, and sub¬ 
tracted from it at the other tip of the same pole, the resultant 
effect is cross-magnetizing. 

Let the current lag the generated e.m.f. by 90 deg.; then diagram 
H shows the current in each phase at any instant, and diagram E 


plx.1 Ph.2 Ph.3 



Fia. 162.—The armature m.m.f. of a three-phase alternator. 


shows the direction of the current in each conductor and also the 
relative position of the poles and armature at instant 1. The 
resultant m.m.f. of the armature has the same value as before and 
moves at the same speed and in the same direction, but has now a 
different position relative to the poles and is demagnetizing in 
effect. 
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If the current lead the generated e.m.f. by 90 deg., then it 
can be shown in a similar way that the resultant armature m.m.f. 
has the same magnitude, speed and direction os before, but is 
tnagnetizing in effect. 

167. 'Ihe Alternator Vector Diagram.—On no load the current 
in the windinp of an alternator is zero, and the only m.m.f. which 
is acting across the air gap is Fo, that due to the main field; 
sends a constant flux <l>a across the gap. This flux moves rela¬ 
tive to the armature surface so that the flux which, duo to the 
m.m.f. Fo, threads the windings of one phase of the armature is 
alteimating and has a maximum value = 4>a. 

The voltage generated in a coil lags the flux which threads the 
coil, and whose change produces the voltage, by 90 deg.; thus, 
in Fig. 163, the flux threading coil a is a ina.'cimum but the voltage 


a h ft. 



Fra. 103.—The Konoratod e.rn.f. in u noil. 


in that coil is zero, while the total flux threading the ooil b is zero 
and the voltage in that coil is a maximum; that is, the voltages is 
in phase with the flux which the coil cuts, but lags the flux wliich 
threads the coil by 90 deg. 

The vector diagram for one phjisc of a polyphiusci alt(u-riator is 
shown in Fig. 164. On no losul, Fo, the m.m.f. of the main 
field referred to the armature pro(luc(!S an alternating flux in 
the windings of each phase, and Eo, the voltage generated in 
each phase by that flux, lags Fo by 90 deg. 

When the alternator is loaded, the currents in the armature 
produce a m.m.f. F„ of armature reaction which, if acting alone, 
produces a field <j), of constant strength which moves in t,h(f same 
direction and at the same speed us tint main field. 

In Fig.' 162, diagram B, it may be scon that when the current 
in phase 1 is a maximum, the flux which threads the windings of 
that phase is also a maximum; in diagram (■ the (iurrent in phase 
2 is zero, and the flux which threads the windings of that phase 
is also zero. In general it may be shown that the flux which, due 
to the revolving field <!>,, threads the winding of one phase of 
the armature is an alternating flux which has a maximum value 
= <t>, and is in phase with the current in that winding. 
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If the alternator is loaded aiid I, Fig. 164, is the current per 
phase, then Fg, the resultant of the m.in.fs. Fa and Fa, will 
produce a resultant magnetic flux 4>g which is alternating with 
respect to the armature windings, and Eg, the voltage per phase 
due to the flux <i>g, will lag it by 90 deg. 

In addition to the m.m.f. of armature reaction the current in 
the windings of one phase sets up an alternating magnetic flux 
which, as shown in Fig. 161, circles these windings but does 
not linlf the magnetic circuit; this flux is in phase with the 
current in the windings and is proportional to that current since 
its magnetic circuit is not saturated at normal tooth densities. 



Fig. 164.—The vector diagram for an alternator. 


In Fig. 164 Fo is the m.m.f. due to the field excitation referred 
to one phase of the armature. 

Eo is the voltage per phase which would be generated by the 
flux produced by Fo. 

I is the current per phase. 

Fa is the m.m.f. of armature reaction referred to one phase 
of the armature and, as pointed out above, is in pha,se with I. 
Fg is the resultant of the two m.m.fs. and Fa. 

<j)g is the flux that threads the windings of one phase due to F 
Eg is the voltage generated in that phase by <^>^. 

<f>x is the armature leakage flux per phase produced by 7. 
Ex is the voltage per phase generated by the flux 4>x aud is 
called the leakage reactance voltage. 

Ex = IX where X is the leakage reactance per phase. 

E is the resultant of Eg and Ex. 

Bt is the terminal voltage per phase and = E—IR taken as 
vectors, where R is the effective resistance per phase. 
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Figure 165 shows the above diagram for the particular case 
where the power factor is approximately zero and the current 
lags the generated voltage by 90 deg. In this case the m.m.f. 
of armature reaction is subtracted directly from that of the main 



Fia. 165.—The veeior (litiKram for an ultornator on ssoro power fuc^ior. 


field to give the resultant m.m.f., and the leakage reactance 
voltage is subtracted directly from the gonorat(«I voltage E„ 
to give the terminal voltage. The rosistaiKio drop can Ixt neg- 
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lected in this case since its phase relation is such tiuit it lias little 
effect on the value of the terminal voltage. 

168. Full-load Saturation Curve at Zero Power Factor with 
Lagging Current.—Curve 1, Pig. 166, shows the no-load satura- 
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tion curve of an alternator. When the machine is loaded, the 
power factor of the load zero, and the current lagging, the m.m.f. 
of armature reaction is directly demagnetizing, and to overcome 
its effect and maintaiii the flux which crosses the air-gap 
constant, a number of ampere-turns per pole equal to the arma¬ 
ture demagnetizing ampere-turns per pole must be added to the 
mflin field excitation. Under these conditions the increase in the 
field excitation causes the leakage flux 4>e, Fig- 167, to increase 
to the value 4>jt, where 

, , ^AT'g+t + demagnetizing AT per pole\ 

<>fe - <t>e[^ ; 

without increasing the value of <^a, the flux crossing the air-gap. 

The leakage factor at no load = while that for the 

(pa 

above load conditions — 

(pa 




>- 



1 

1 

r 

1 


i 



Fig. 167.—The main field and the pole leakage. 

Curve 2, Fig. 166, is a new no-load saturation curve which is 
calculated with the value of the leakage factor corresponding 
to full load, zero power factor and lagging current. 

To maintain the flux crossing the air-gap constant and equal to 
4>a, a number of ampere-turns per pole, oh, equal to the armature 
demagnetizing ampere-turns per pole, must be added to the 
value obtained from curve 2. 

The terminal voltage is less than that generated due to the flux 
4>a by IX, the leakage reactance voltage; the resistance drop 
being neglected on zero power factor since, as shown in Fig. 
165, its phase relation is such that it has little effect on the termi¬ 
nal voltage. 

The locus of point c so found is the full-load saturation curve at 
zero power factor with lagging current. 

169. Synchronous Reactance.—In Fig. 166, de, the drop in 
voltage due to the increase in leakage factor, depends on the 
/^omngTlAt.i^!iT^g effect of the armature, which is proportional to 
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the load current and, as shown in Fig. 102, varies with the power 
factor, being zero for unity power factor and a maximum for 
zero power factor lagging; this drop may, therefore, be considered 
as part of that due to armature reaction. In Fig. ICO, then, 
the total voltage drop is made up of two pai-ts one, db, due to 
armature reaction, which varies with the slope of curve 1 and, 
therefore, with the excitation, and the other, he, the armature 
reactance drop, which is practically constant for all excitations. 

Since, for a given excitation, each of those voltage drops is 
proportional to the current and since, as sh3wn in Fig. 104, they 
are always in phase with one another, their sum, namely dc, 
Fig. 166 or EoE, Pig. 164, may be represented by a fictitious 
reactance voltage called the synchronous reactance voltage and 
= IX, where X is the synchronous reactance per phase. It 
may be seen from Fig. 100 that dc, and therefore A’, is not con¬ 
stant but decreases as the field excitation and, thenifore, the 
saturation of the magnetic circuit increases. 

160. The Demagnetizing Ampere-tums per Pole at Zero 
Power Factor.—The distribution of the m.m.f. of armature 
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reaction at two different instants is shown in I'ig. I(i8, for a 
machine with six slots per i)ole and b conductors per slot. These 
diagrams arc taken directly from Fig. 102 and the relative posi¬ 
tion of poles and armature shown is that corrc'sponding to zero 
power factor and lagging current. 

The portion of this m.m.f. which is effective! in demagiuitizing 
the poles is shown cross hatched; it is reciuirod to find A7'„„, the 
average value of this cross-hatched part of the curve, for the case 
where = 0.6 and, therefore, the pole covers 3.6 slots. 
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ATav X 3.6X = area of cross-hatched curve, diagram A 
= 26J„X + 1.56/„ X 2X -I- 0.66J„X 
= 6.667„X 

= area of cross-hatched curve, diagram B 
■= 1.736/„ X 3X -f 0.866&7* X 0.6X 
= 6.767„X 

= 5.65&7mX,* an average value from diagrams A 
and B. 

Therefore ATm, = 1.6767*, 

= 2.2267e where 7* is the effective current 

= 2.2267* X , since there are 

six slots per pole 

= 0.37 X conductors per pole X 7*. (27) 

The values of ATav thus obtained apply to full pitch windings 

only. For short pitch windings the factor cos 2 must be intro¬ 
duced where d is the winding span (degrees). 

If the pole enclosure be increased to 0.7, the value at ATav will 
be reduced to 0.33 X conductors per pole X Ic* 



Fia. 169.—The armature leakage fields with a chain winding. 

The value can be found in a similar way to the above for any 
particular value of pole enclosure, number of phases and slots 
per pole, but the value of ATav is generally taken as 0.35 X 
conductors per pole X Ic for all polyphase machines; that is, 
one ampere-turn on the armature (= two ampere conductors) 
is only about seven-tenths as effective in its demagnetizing effect 
as one ampere-turn on a salient pole type of field structure. 
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This is because the conductors of the armature are distributed 
instead of being concentrated as they are on the field polos. On 
turbo-generators, the field winding is also distributed (as will 
be discussed in Chap. XXII), and hence the ratio 0.7 herein 
deduced for salient pole designs no longer holds. This will be 
further discussed in Chap. XXII. 

161. Calculation of the Leakage Reactance.—Kgure 169 shows 
part of the winding of one phase of a polyphase alternator 
which has a chain winding. 

If ij>, = the lines of force that circle 1 in. length of the bolt 
of end connections for each ampere conductor in that bolt, 
4>, = the lines of force that cross the slots and circle 1 in. length 
of the phase belt of conductors for each ampere conductor 
in that belt, 

<!>{ = the lines of force that cross the tooth tips and circle 1 in. 
length of the phase belt of conductors for each ampere, 
conductor in that belt, 

6 = conductors per slot, 
c = slots per phase per pole, 
then the total flux that links the coils shown 
” 4^0 

= [<t>. X2L, + i<l>. + <t>t) X 2L,.Jh X c Xi. 

The eoeflScient of self-induction of these coils ■ 

= & X c 
% 

= h^c^[(t>e X 2Lc + (0« + <j>t) X 2L,.] X “ honry. 

Th-e reactance of these coils in ohms 

= 27r/62c2[0„ X 2L.. + + <t>t) X 2L„\ X 10 

V 

Since there are ^ «f those groups of cioils f)r*r i)hiis(‘ th<^ 


of one phase in ohms 

- 2'irfpbV[<p,L, + (0* + 00 X Lr\ X 10- ^ (2S) 

For a double-layer winding a slight modific^ation is nMjuin'd 
in the above formula. 

Figure 170 shows part of the winding of oiu^ phase of a poly¬ 
phase alternator which has a double-layer winding. 

The number of turns in the coils shown = ^ • 


The total flux that links these coils 

='0<j 

= 4»X2L,X Xi+{<i>.-^<k)X2LcXbXcXi. 


2 
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The coefficient of self-induction of these coils 
= 2 ^ X X 10“® henry 

= —-h i<l>t -|- ^j)2Lo]10~® henry. 
The reactance of these coils in ohms 
= 2x/&®c{^“ + ( 4 >. + 




Fig. 170,—The armature leakaffe fields with a double-layer winding. 


20 



4 8 12 16 20 24 28 

pole Pitch in Inches 

Fig. 171.—The end-connection leakage flux. 


Since there are p of these groups of coils per phase, 
the reactance of one phase 

= 2^/p6®c®[^ -1- {<!>. + <t>,)L.] X 10-®, (29) 

which differs from the formula for the chain winding in that 
the end-connection reactance is reduced to half the value. 
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The foregoing formulae for reactance must, of course, be 
modified when there are two or more parallel paths in the wind¬ 
ing. If there are two parallel paths, each path has one-half the 
reactance as above determined; for three parallel paths, one-third, 
etc. 

162. End-connection Reactance.— 4>a depends principally on 
the length of the end-connection leakage path, namely, the 
length around the belt of end connections, which, as may be seen 
from Figs. 169 and 170, is directly proportional to the polo pitch 
and inversely proportional to the number of the phases, and 


r S 


p t: 


p c 

_ 


_ 




dM 




<t>« decreases as this length increases, so that is approximately 

proportional to number of phases. 

Z/«, the length of the end connections, increases with the pole 
pitch, as may be seen from Figs. 169 and 170, and in Fig. 171 

^ - is plotted against pole pitch from tost results. 

TL 

163. Slot Reactance.—Figure 172 shows part of one phase of 
an alternator which has a chain winding. The m.rn.f. between 
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m and n = bXeXiX-T ampere-tums: therefore, the leakage 

Ol 

flux d4> 


^XbXcX^XiX 


Le X dy 


X 2.54 all in inch units, 


= Z.2XbXcX ^XiX 

cs 


The reluctance of the iron part of the leakage path is neglected 
since it is small compared with that of the air path across the 
slots. 

V 

This flux d<t> links each side of the be turns of the coils shown 

di 

and the interlinkages per unit current 
.tXcX^X^- 

dx % 

The coefficient of self-induction of the coils shown, due to the 
flux which crosses the slots, between the limits y = o and y — di 


X X 10”® henry, 
% 


rdx 


10-henry, 


10-henry. 

c X s o 

The m.m.f. between e and /, Fig. 172, = ebz ampere-turns; 
therefore, the leakage flux crossing the slots above the conductors 

_ o O-r • T /d2 I 2(^3 , 


. = Z,2cbi X L, 


( ■ 2(^3 , ^ 4 '^ 

\ca c(s + w) cwj 


The coefficient of self-induction of the coils shown due to this 
flux 


= 3.2c262 X 2Le. 


fd^ , 2^3 , ^ 4 X 1 ^ 01 

, S + J(J--F=o + c»T 


Therefore, the total coefficient of self-induction of the coils shown 
due to the total slot leakage 

_ o ctjLo vy or I ^2 I 2^3 , d^^ 1 _ 


= 3.2c62 X 2L. 


, ^ , 2dz , 

s (s -|- w 


110”® henry. 


and the slot reactance of these coils in ohms 


= 2t/ X 3.2c62 X 2L, 


, ^ , 2ds , 
s ^ s + w^ 
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Since there are ? ot these groups of coils per phase the slot 

A 

reactance per phase 

= 2t/p6«cLo X 3.2^^ + 

= 2t/p6*c*L„ X X 10-», 


where 4>, 


= 

c y3s 


I I 2(^8 I 

"s S + ID Wj 


164. Tooth-tip Reactance.—.4, Fig. 173, shows the tooth-tip 
leakage path round one side of the coils of one phase of a machine 
which.has one slot per phase per pole, when the winding of that 
phase lies between the poles. 



C F 


Fio. 173 .—loakiiKO flux. 


The m.m.f. between e and / ~ bci ainpcro-tuniH. 
Therefore, the leakage flux (1<I> per 1 in. length of core 

= — X 2.54 all in inch unitH, 

10 w + Try 

= 3.26a 

w + Try 
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and the total tooth-tip leakage flux that links one phase belt 
per 1 in. length of core 


= 3.26cj I - > 
I w->r-ay 


= 2.ZSbci logio 




Therefore, the lines of force that cross the tooth tips and 
circle 1 in. length of the phase belt of conductors for each ampere 
conductor in that belt, when the belt lies between the poles. 


” 2.35 logio 




B shows the case where there are two slots per phase per pole 
and it may be seen that in such a case 


*. = 2.35 + 


C shows the case where there are three slots per phase per pole 
and it may be seen that in such a case 

irt 


the flux 2.36 logio ^1 -t- ci 


while the flux logic 

one-third of the total belt. 

This latter flux is equivalent to a flux logio f 

Tit 


circles the total belt, 
is produced by, and circles 


the whole belt. 

Therefore, = 2.35 logio 


1 + circling 


^ 3ic -I- 2« 


:) + ^v'°e“ (' + »)• 


D shows the tooth-tip leakage path round the coils of one 
phase of a machine with one slot per phase per pole, when the 
winding of that phase lies under the poles. In this case 
the lines of force that cross the tooth tips and circle 1 in. length 
of the phase belt of conductors for each ampere conductor in 
that belt, when the belt lies under the poles, 

-3 2 ^-^-^- 
~ 2S 

In the case where there are two slots per phase per pole as 
shown in E 

<l>tp - 
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In the case where there are three slots per phase per pole as 
shown in F 


^tp 




3^ «_X 0 

9 ^ 2 a 


In Fig. 174 the tooth-tip flux per ampere conductor per inch 
is approximately 

= (fita while the conductors are in the belt hk. 

= ^tp while the conductors are in the belt kl. 

On zero power factor the current in a conductor is a maximum 
when the O.m.f. generated in that conductor is zero, that is, 
when the conductor is between the poles. As the conductor 
moves relative to the poles the current in the conductor varies 



Fiq. 174.—Variation of tho current in the j>hjiHo boll mI zrro powiM- bu'lor 
with tho position of tho belt relative to Uu' poles. 


according to a sine law as shown in Fig. 174; thenifon^, .sin<!<^ tiui 
tooth-tip reactance per phase 

= when the conductors are in tlxi Ixdt hk, 

and = 2irfbVp^t,Jj,.10~‘^ when the conductors are in tiu! Ixdt kl. 
The effective voltage per phase on zero powcjr factor diui to l.ooth- 
tip leakage 

= 27ry&*c*p4>ioL„10~* X effective current in)tw(>en h nnu k, 
while they are in this belt, 

and = 2ir/h*c*p<#>tpL„10~® X effective current betw(icn k and /, 

while they are in this latter belt, 
and from formula (28), page 216, the effective voltage per phase 
due to tooth-tip leakage 




ARMATURE REACTIONS IN ALTERNATORS 223 


Therefore, 0* is approxiraately 


( 


1 — ^ effective current in belt hk , 

?\ Y X 

, , effective current in belt kl 

+ '/' -f-X 

J-Bff 


4>t^ 


As a general rule, the pole enclosure = 0.6 
and for this value 1 — ^ = 0.4, 

effective current in conductors in belt hk = 0.93 Imax, 
effective current in conductors in belt kl = 0.5 Imax- 

Therefore, 4>i = <l>ta X 0.4 X X 0.6 X 

U.iJilmax 

= 0.52^ta 4“ 0A2<j>ta- 

166. Final Reactance Formulae.^—In the foregoing analysis, 
it has been assumed that full-pitch windings are used on all arma¬ 
ture windings. If short-pitch windings are used, another factor 
is introduced. It is shown in Art. 140 that the voltage generated 
in a short-pitch winding is less than that in a full-pitch winding of 

the same number of turns by the factor cos This same factor 

enters the expression for reactance, so that the reactance in ohms 
of one phase of a polyphase generator is 

= ^2irfb^c^p{<j>Le + [^« + (28a) 

for chain windings; 


= 2itfb^c^p cos‘ 


6 /<pLe 
2\^”2' 


+ [<t>a + 


(29) 


for double-layer windings. 

The value of may be found from Fig. 171. 

2di 


_ 3^/_i_ ^ 4 . 

- c\ds^ s ^ s + w 


+ 


w J 


<f>t ~ 0.52<^)(o -|- 0.42^(p. 


<l>ta — 2.35 logiQ 




for one slot per phase per pole. 


= 2.35logio(l + 


(^ + 2 ^) 

Ttt 


= 2.351ogio{l + 


3w + 2«) 


for two slots per phase per pole. 
2 . 35 ,._ /, , ’rAfoj.three 


+ ■ 


9 


-log 


10 




3w -f- 

slots per phase per pole. 

1 Since chain windings can not be other than full pitch, the factor cos ^ 
does not enter the expression for reactance in chain windings. 
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t yc c 

4>tp = 3.2 o V. 1 for one or two slots per phase per pole. 

10 ^ X c? 

= 3.2 X -g X 2 phase per pole. 

/ = frequency in cycles per second. 
b >= conductors per slot. 
c » slots per phase per pole, 
p = poles. 
n = phases 

Lc ’= frame length in inches. 
t = width of tooth at the tip. 

C == Carter coefficient found from Fig. 45, page 47. 

6 = chording of winding in electrical deg. 

Slot dimensions are given in I'igs. 172 and 17.3. 

Example of Calculation.—The armature and armature 

reactance can be checked appro.\imatel.y J>.y ; kIoikI satura¬ 
tion and the short-circuit curves of an aUerii.;{..)r. 1 i.y.ire 175 
shows the actual test curves on a small alternator wliicdi was 
built as follows: 


Poles, 

Pole enclosure, 

Pole pitch, 

Air-gap clearance, 
Slots per pole, 
Conductors per slot. 
Size of slot. 

Tooth width, 

Carter coefficient, 
Frame length. 
Winding, 

Turns per field coil. 
Rating, 


6 

0.6 

10.6 in. 

0.2 ill. 

6 

12 

0.76 X 1.76 in., open 
1.0 in. 

1.2 

6.6 in. 

douhli' full pitcli 

Y-conncch’d 
•120 

().') k.v.a., (>0() voIIh, thnM* plnisi*, OO <‘ycl<*.s. 


To send full-load current through the ui:i<;hiiie oti short (finaiit 
requires an excitation of •l.S anqxires. Now t!ie power hictor 
during this test is zero since the macliine is (!a,rryirig no load, and 
the terminal voltage is zero since the machine is short eireuited; 
therefore, is a point on the full-load saturation curve at zero 
power factor, the resistance drop being neglected. 

The demagnetizing ampere-turns per pole 
= 0.36 X conductors per pole X 
= 0.35 X 12 X 0 X 62.6, 

= 1680 ampere-tums per pole. 
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The corresponding field current 

_ demagnetizing ampere-turns per pole 
~ field-turns per pole 


1580 

420' 


= 3.75 amperes. 



Fig. 175.—No-load saturation and short-circuit curves on a 65-k,v.a. three- 

phase alternator. 


The reactance per phase 

= 2irfb^c^ cos^^p -f- (<#.. -I- ohms, 

where = 5 X » from Fig. 171, since the pole pitch = 10.5 in. 


= 15 

_ 3.2/ 1.5 0.25\ _ 

~ 2 ^3 XO .75 0.75/ 

^ = 2.35Io8(l + ^5^i^^)-0. 


1 . 6 . 


,82. 
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*» - *-2 X “ 

it = 0.52 X 0.82 + 0.42 X 9.6 = 4.4: 

« = 0 ° 

cos* 2 “ 

Reactance per phase 

= 2 X X X 60 X 12* X 2* X 6(15 + (1.6 + 4.4)6.5) X lO"* 

= 0.7 ohm. 

The voltage drop per phase = 0.7 X 62.5 =• 44 volts, 
and the voltage drop at the terminals = 1.73 X 44 

= 76 volts, 

since the winding is Y connected. 

These two figures, 3.75 field amperes, 76 terminal volts, are the 
only ones required for the construction of triangle ohm, Fig. 175, 
and it may be seen that the calculated results chock the tost 
results very closely. 

166. Variation of Armature Reaction and Armature Reactance 
with Power Factor.—When an alternator is carrying a load 



Current. Ijikh by UO (Ickhm's. (’iirnMil in in 

Fio. 170. —ElToet on tho nriiniiun* of lln* phuHc* n'lnlion 1>(‘Iw<‘cm jin* 

curroiit jind tho Kon(‘riil,o(l o.tn.f. 


whose power factor is zero, tho current in th(^ conduc-liors l•(^a(*.h(^s 
a maximum when the conductors arc Ixitwcudi the pohss; the 
tooth-tip leakage is then a ininiinuni. VVludi, how(5V(n‘, the cur¬ 
rent is in phase with the generated voltage, it reiuiluNS a maxi¬ 
mum when the conductors arc under the c(!nt(U’ of tluj pohss; tho 
tooth-tip leakage is then a maximum. The voltage drop due to 
armature reactance, therefore, varies with the power factor and 
is a. maximum when the current is in phase with the generated 
voltage and a minimum when the current is out of phase with 
that voltage by 90 de^ 
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The distribution of the of armature reaction,for the 

same two cases is shown in Pig. 176: diagram A shows the dis¬ 
tribution when the current lags the generated voltage by 90 
deg. and the armature m.m.f. is demagnetizing; diagram B 
shows the distribution when the current is in phase with the gen¬ 
erated voltage and the armature m.m.f. is cross magnetizing. It 
may be seen from these diagrams that ATavj the average value of 
the part of this m.m.f. which is effective, is a minimum when the 
current is in phase "v^ith the generated voltage and a maximum 
when the current is out of phase by 90 deg. 

The variation of armature reactance and armature reaction 
with power factor is difficult to calculate and it is usual to 
assume that any decrease in one of them with a change in power 
factor is counterbalanced by an increase in the other so that the 
resultant effect, which is represented by a synchronous reactance, 
is constant at all power factors, for a given field excitation. 

167. Pull-load Saturation Curve at Any Power Factor.—Given 
the no-load saturation curve and also that at full load and zero 



Fia. 177.—Vector diagram for an ultornator. 


power factor, it is required to draw in the full-load saturation 
curves for other power factors. The method adopted to deter¬ 
mine different points on these curves is shown in Fig. 177, where 
the diagram shown by heavy lines is taken from Fig. 164. 

Eo = the no-load voltage per phase corresponding to the field 
excitation og. Fig. 184, page 237 and = dg, 

EoE — the synchronous reactance drop = do, Fig. 184. 

EtE = the resistance drop per phase, 

<#> = the phase angle between Et and 7, 
cos 0 = the power factor of the load. 
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The construction generally adopted to find Et is shown by 
the dotted lines in Fig. 177. 

Triangle acd is drawn to scale in the proper phase relation with 
I and equal to triangle EEoEi, 

Line am is set off at an angle <t> such that cos 4> is the power 
factor at which it is desired to find the terminal voltage. 

With d as center and Eo as radius the line am is cut at Et and 
the value Et is then plotted along the ordinate of field excitation 
for which Eo is the no-load voltage and « gj, Fig. 184, for 85 
per cent power factor. This gives a point at full load, normal 
voltage, 85 per cent power factor. To get other points on the 85 
per cent power factor full load saturation curve, take Hiiy other 
no-load voltage and with that as a radius cut the line am at 
another point and set off the distance from a so obtairunl against 
the value of the excitation at no load to give that voltage. This 
will give another point on the 85 per cent power-factor full load 
saturation curve. For any other power factor, the angles Ix^twoen 
al and am, Fig. 177, must be made such that its (X)sin(» is the 
power factor. 

168. Regulation.—The regulation of an alternator is detined 
as the per cent increase in voltage when full load is thrown off 
the machine, the speed and excitation being kept (constant, 
and is equal to 

Fig. 184, at unity power factor. 



184, at 85 per cent powen* factor. 


M 

kV 


Fig. 184, at zero power fae-tor. 


169. Effect of Pole Saturation on the Regulation.—i and 
Fig. 178, are the no-load saturation curves of two ah.cu’iiiitors 
which have armatures that are exactly alik(^; th(^ fi(4d systc^ns 
differ in that machine A has a smaller air-gaj) and a gr<iat(^r pole 
density than has machine B) the excitation is the sanui for (^a<4i 
machine at normal voltage and no load. 

A 2 and B 2 are the no-load saturation curves with th(^ full-load 
leakage factor. The effect of the increase in thc^ leakag(i factor 
is' the greater in the machine which has the higher pole density. 

Az and Bz are the full-load saturation curves at zero power 
factor; the demagnetizing ampere-turns per pole are the same 
in each case; the armature reactance drop is slightly greater in 
the machine with the smaller air-gap clearance. 
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It may be seen that the machine with the saturated poles is 
that which has the best regulation; but it is also the machine 
which takes the largest field excitation on load. 

Of two machines that are built to meet the same regulation 
guarantee, that with the higher pole density is generally the 
cheaper, because, as shown in Pig. 178, for the same armature 
reaction and reactance it gives the better regulation, or for the 
same regulation it can have the greater armature reaction and 
reactance. If these quantities are increased by increasing the 
number of armature turns, then, for constant output, the flux 
per pole must be decreased in the same ratio and the whole 



Fig. 178.—Effect of pole saturation on the regulation. 

machine may be made smaller. In order to carry an increased 
number of conductors on a smaller diameter, it is necessary to 
increase the slot depth. 

The pole density is seldom carried above 85,000 lines per 
square inch at no load and normal voltage, because for higher 
densities it is difficult to predetermine the saturation curves with 
sufficient accuracy to insure that there is enough field excitation 
at the high densities corresponding to normal voltage, full load 
and zero power factor, since the permeability of the iron used 
may be lower than was expected. 

170. Relation between the M.M.Fs. of Field and Armature.— 
In Fig. 179, AI and Bi are the no-load saturation curves, A 2 and 
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Ba the no-load saturation curves with the full-loud leakage 
factor, As and Ba the full-load saturation curves at zero power 
factor, of two machines which are alike in every respect except 
that the air-gap of machine A is smaller than that of machine B. 

It may be seen from these curves that the larger the air-gap 


and, therefore, the larger the ratio of 


field AT per pole 
armature AT per pole' 


the better is the regulation. 

In modem A.-C. generator designs there is no particular attempt 
to secure good inherent regulation. Buitable voltages regulation 



uii (ho roKulHtioii. 


may be obtained by means of automatic! voltage^ re^ijulators, of 
which there are a number available. In pr(»s(‘iii.-tljiy practice 
the maximum field ampere-turns per i)()le, nam(!ly Mg. 170, 
are made from 2.00 to 2.5 times the demagnetizing eHeet of full¬ 
load armature ampere-turns per pole. Since the demagnetizing 
effect is only about 0.7 the actual armature ampere-turns (see 
Art. 160), it follows that the maximum field ampere-turns i.e. for 
zero power factor, full load are from 1.4 to 1.75 times the 
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armature ampere-turns at full load. Por preliminary designs a 
ratio of 1.76 may be taken as a first approximation. 

Such a design admittedly does not give good inherent regula¬ 
tion, but, as indicated above, this may be secured in other ways. 
Good inherent voltage regulation cannot be divorced from 
excessive values of current on accidental short-circuit-values of 
current that may be high enough to damage circuit-breakers as 
well as other parts of the system that might be affected by exces¬ 
sive currents. Before about 1912, good inherent regulation was 
usualy demanded by A.-C, generator users, but since that time, 
regulation has ceased to be a factor. 

There is a consideration in very long modern transmission lines 
of very high voltage that may bring back a demand for good 
inherent regulation, and that is the use of synchronous machines 
as condensers on the receiving ends of these long lines. The 
amount of power that these lines can carry without becoming 
“unstable” is to some extent a function of the inherent regula¬ 
tion of the synchronous condensers at the receiving ends. The 
discussion of this matter, however, is one that is outside the bounds 
of this book. 


SINGLE-PHASE MACHINES 

171. Armature Reaction in Single-phase Machines.—Consider 
the conditions at zero power factor; the current lags the e.m.f. 



Fig. 180.—Pulsation of the armature field in a single-phase alternator. 


by 90 deg. and so reaches a maximum in the conductors when 
these conductors lie between the poles. 

A, B and C, Fig. 180, show the position of the poles relative 
to the armature when the current has the values given at instants 
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1 , 2 and 3, diagram D. It may be seen that while the current 
passes through half a cycle and the poles move through one pole 
pitch, the flux <lh, due to the armature m.m.f., goes through half a 
cycle relative to the armature coils, while relative to the poles it 
changes from a maximum in diagram A to zero in diagram B 
and back to a maximum in diagram C, and so, as shown in curve 
a, diagram E, is pulsating relative to the poles with double normal 
frequency. 

The poles are surrounded by the field coils, which are short- 
circuited through the exciter, and any pulsating flux in the 
poles induces a current in these coils which, according to Ijonz’s 
Laws, tends to wipe out the flux; thus the pulsation becomes 
dampened out, as shown in curve h, diagram E. The armature 
field is, therefore, equivalent in effect to a constant field, which is 
fixed relative to the poles and has a value of approximately half 
the mftYim um value which it would have if the pulsation w(u-c not 
damped out. 

Another way to look at the above subject is as follows: the 
armature field is stationary in space and is altc^rnating. Such a 
field, as pointed out in Art. 136, page 179, can bo oxacttly rep¬ 
resented by two progressive fields of constant value which move 
in opposite directions through the distance of two poIc! pitches, 
while the alternating field goes through one cycle. (V)nsider 
these two fields to exist separately; then oiiv movers in tlx^ same 
direction and at the same speed as the pol(*s wliihi tin; othcir 
moves at the same speed but in the opposite dinwtion to l,li<( poles. 
The former is, therefore, stationary with r(^ga^d to the poles and 
may be treated in exactly the same way as th(' armal.un' fic'ld 
in a polyphase machine; the latter field rcvolvc's at same spe(Hl 
as the main poles but in the opposite dirciction and so causes a 
double-frequency pulsation of flux in these poh's, which pidsa- 
tion induces currents in the field windings that t(md to wijxi out 
the flux, so that the effect of this latter field (‘.an be n(‘gl(X!t(id 
in a discussion of armature reaction. 

A flux of double frequency in the poles will prodmie a third 
harmonic of e.m.f. in the armature, as shown in Art. 136, page 
179; a third harmonic of current in the armature will produce a 
fourth harmonic of flux in the poles an<l so on; however, high- 
frequency harmonics in the poles are so well damped out that 
those higher than the third can be neglected. 
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The demagnetizing ampere-tums per pole and the leakage 
reactance are worked out below for a particular case; the method 
is quite general, but since the result depends on the per cent of 
the pole pitch that is covered by the winding, no general formula 
is deduced. 

172. The Demagnetizing Ampere-tums per Pole at 25ero Power 
Factor.—Figure 181 shows the distribution of the m.m.f. of arma¬ 
ture reaction for a machine with 6 conductors per slot, and six 
slots per pole, of which four are used, at the instant when the 
current has its maximum value. 

If the pole arc = 0.6 times the pole pitch, then 
the average value of that part of the maximum m.m.f. which 
is effective X 3.6X, 

= area of cross-hatched curve in Fig. 181, 

= 267„ X 3X + &7„ X 0.6X, 

= 6.667„X. 



Fig. 181.—The maximum m.m.f. of a single-phase alternator on zero power 

factor. 


The constant field which is fixed relative to the poles, and which 
is the only one that need be considered in calculations, has a value 
of half the above maximum value; therefore, the average value 
of the part of this constant field which is effective = ATav is 

such that ATav X 3.6X = — 

and ATav = 0.926/,„, 

= 1.36/c where Ic is the effective current, 

_ 1 ot r effective slots per pole 

X.oOxc X ^ ^ 

= 0.32 X conductors per pole X 7.. 


(30) 
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173. The Leakage Reactance.—As in the case of the polyphase 
machine this consists of end-connection, slot and tooth-tip 
reactance. 




Fig. 183.—The positions of maximum and minimum tooth-tip loakago. 

The end-connection reactance = 2ir/p6*cs^ cos 

for a machine with a chain winding and half of this value for a 
machine with a double-layer winding, where c is the effective 
number of slots per pole or the number which carry conductors. 
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<t>eLe is found from Fig. 171, but it must be noted that for the 
type of winding shown in Fig. 182, links the coils of four slots, 
and the length of the end-connection leakage path is two-thirds 
of the value which it would have if all the slots were used; the 
value of <l>eLe is, therefore, three-halves times that found from 
Fig. 171. 

The slot reactance = 2x/p6V^cos Le X <t>s X 10~® 

where + — H—-the slot dimensions are 

c \3s s s H- ty w/' 

given in Fig. 172, page 218, and c is the effective number of slots 
per pole. 

The tooth-tip reactance varies from a maximum, when the 
conductors are in position A, Fig. 183, to a minimum, when they 
are in position B. In the former position it may be seen that 
three only of the slots lie under the pole at any time, while 
in the latter position it may be assumed that three only of the 
slots are effective, since the leakage lines <j>o which link all the 
slots have to pass through the field windings and are, therefore, 
damped out. 

An approximate solution for the case of a machine with six 
slots per pole of which four are used, and which has a pole arc = 
0.6 times the pole pitch, is 

tooth-tip reactance = 27rfb^c^(^ X <l>t X 10"* 

where <t>t has the value given in Art. 165, page 223, for three slots 
per phase per pole and c for the assumed conditions = 3. 

Example of Calculation.—Figure 175 shows the actual test 
curves on a small alternator which has six slots per pole of which 
four are used; the single-phase short-circuit curve is shown 
dotted. 

The demagnetizing ampere-turns per pole 
= 0.32 X 12 X 4 X 62.5, 

= 960 ampere-turns per pole. 

The corresponding field current 

__ demagn etizing ampere-turns per pole 
” field-turns per pole 

__ 9 ^ 

420' 

= 2.3 amp. 

The reactance per phase 

= 27r/6V cos^l 4>t)Lc J 10"* ohms 
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where these symbols have to be interpreted in the light of the 
last article. 


2 


(5 X 1, from Fig. 171) X 2 


since, as pointed out in the 


last article the value found from Fig. 171 has to be 
increased 60 per cent because four only of the six slots 
per pole are used. 


= tG 


3.2/ 1.5 


3 X 0.75 


+ 


0.25\ 


1 = 0.8. 


0.75; 

IT X 1 


4Ha 2.351ogio(l + -^3-^y-yg_j:^2xi))“^ 9 0.75) 


0.75. 


- 3.2 X g ^ 2 X 072 
<t>t = 0.52 X 0.75 + 0.42 X 10.7 = 4.9. 


cos® 2 ~ ^ 

Reactance per phase 

= {2X7rX60X12®X4®X6(7.5+0.8XO.r))10-'‘} 

+ {2 X TT X 60 X 12® X 3® X 6(4.9 X 6.5)lO”"} 

= 1.6 ohms. 

The voltage drop per phase = 1.6 X 62.5, 

= 100 volts. 

With this value and with the domagiwitiziiig (ilTect = 2.3 amp. 
the triangle <t6n, shown dotted in Fig. 175, is drawn in and it 
may be seen that the calculated results clusik tlu; t(wt n'sults 
very closely. 

174. Regulation of Single-phase and Three-phase Alternators. 
In the machine whose tost results are shown in h'ig. 175 f.lu' out¬ 
put at full load 

= 1.73 X 600 X 62.5 = 65 k.v.a. for the three-phase rating, 
= 600 X 62.5 = 37.5 k.v.a. for th(! singhi-phase 

rating, 

or the single-phase output is about 60 per cent of tins three- 
phase output. For this ratio, n is a point on tlu! full-loa(i 
saturation curve of the single-phase machine and ni a point 
on that of the three-phase machine, and, as may be seen, the 
former machine has the better regulation. For the same regu¬ 
lation in each case the single-phase machine may be given 65 
per cent of the three-phase rating. 



CHAPTER XIX 


DESIGN OF A REVOLVING FIELD SYSTEM 

The problem to be solved in this chapter is, given the arma¬ 
ture of an alternator and also its rating, to design the whole 
revolving field system. 



Fig. 184.—Saturation curves for a 937.6'k.v.a., 2400-volt, three-phase, 60- 
cycle, 600 r.p.m. alternator. 

176. Field Excitation.—Figure 184 shows several of the satura¬ 
tion curves of an alternator of the following rating: 

937.5 k.v.a. (750 k.w. at 80 per cent power factor), 2400 yolts, 
600 r.p.m., three phase, 60 cycles. 

237 
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Thfe maximum exciting current 
the maximum excitation 


and 


The excitation required for normal voltage 
= on at no load, 

= oe at full load and unity power factor, 

= og at full load and 85 per cent power factor, 

= ol at full load and zero factor. 

exciter voltage 
hot resistance of fiekl coils 
maximum exciting current X 
field-tiirns per polo, 

= ol. 

The radiating surface of the field coils should ho large onougli 
to keep the temperature rise with the excitation og below that 
guaranteed, which is generally 50®C. with class A and 90®CJ. 
with class B insulation. 

The maximum excitation ol should be large enough to enable 
the alternator to give normal voltage on all loads and power 
factors to be met in practice. If the maximum excitation is 
large enough to maintain normal voltage at full loud and zero 
power factor, it will generally be found ample for all ordinary 
overloads and power factors. 

The field resistance should have such a value that the max¬ 
imum excitation ol may be obtained with the norituil exciter 
voltage 

176. Procedure in the Design of a Revolving Field System. 

(а) Find ATma®, the maximum excitation = 1.75 (armature AT 
per pole) for a first approximation, see Art. 170, page 22!). 

(б) Find M, the section of the fiehl coil wire from th<^ formula 


M = -- 


AT max X moan turn 


where the volts per coil = 
found as follows: 


volts per coil 

exciter voltage 
poles 


(formula (7), page 07) 


and the mean turn is 


4>a = the flux per pole crossing the gap = — 


E X 10” 


2.22A-^f/ cos 




(formula (26) page 185). 

1^, the leakage factor, is assumed to be 1.2 for a first 
approximation. 


Pole area = 


X If 


-- where the pole density at normal 


pole density 

voltage and frequency and at no load is taken as 85,000 lines 
per square inch, which is about at the beginning of the bend in 
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the saturation curve (see Fig. 47). The pole area also = 0.96 X 
LpX Wp (5 per cent being allowed for staking factor). 

Lp, the axial length of the pole, is made 0.5 in. shorter than 
the frame length so that the rotor can oscillate freely. The 
value of Wp, the pole waist, and of MT, the mean turn of the coil, 
can then be found approximately. 



Fia. 186,—Heating curves for the field coils of revolving field alternators. 


(c) Find Lf, the radial length of the field coil, from the formula 

T _ at max 
^ ~ 1000 ^ 

I __ mean tur n 

\ external periphery X watts per square inch X d/ X sf X 1.27 
(formula (9), page 72), where: 

external periphery is found approximately from the pole 
dimensions; 

watts per square inch is found from Fig. 185 which gives approxi¬ 
mate heating for field coils on machines similar in construction to 
that shown in Fig. 137 and with the type of field coil shown in 
Fig. 141; 

dfj the winding depth, is chosen so as to give the most econom¬ 
ical field structure. It was shown in Art. 61, page 72, that 
the smaller the value of df the lower the cost of the field cop¬ 
per but the longer and more expensive the poles. The most 
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economical depth can be found by trial but the following values 
may be used as a first approximation: 


Pole pitch, inches 

Depth of field coil, iiiehos 

60-oyelo 

25-<‘.ycle 


1.2 



1.5 

1.5 


1.75 

2.0 


.... 

2.5 


.... 

li.O 



:i.5 


For a given pole pitch the 60-cycIe machine rims at a higher 
peripheral velocity than the 25-cycle machine; it, therefore, 
requires less radiating surface for the same excitation, and the 
poles become very short unless the value of d/ is decjreased 
below that which is found best for 25-cyclc machines. The 
above figures are for strip copper field windings; when d.c.c. 
wire is used, the above depth should be increascid about 20 per 
cent because of the poorer space factor of this typc^ of winding, 
and the coils should be tapered, if necessary, as shown in Mg. 141. 
IT/ is the number of field-turns that will fill up the spacici d/L;, 
the size of wire being fixed. 

177. Calculation of the Saturation Curves.—It is lUMU'ssary 
first of all to find the air-gap clearance, whi(4i*is don(^ as follows: 
The approximate number of ampere-turns p(*r pohi nuiuinnl 
for the air-gap at no load and normal voltages, nanuily oq^ Fig. 
184, = ol — Iq and is approximately 

= AT max 1.2 (arinatiirc AT pesr ixjlo). 

Since the flux per pole and also the diineiiHions of the iiuuihino 
are given, the apparent gap density and, thereforci, the air-gap 
clearance required, can be found from the formula? 

Apparent gap density = 

Air-gap ampere-turns = 5 PP 5 £ent ^jap density ^ ^ ^ 
mula (3), page 51). 
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The magnetic circuit is now drawn in to scale and the leakage 
factor and the no-load saturation curves calculated by the 
method explained in Arts. 50 and 51, page 50. 

The leakage factor at full load and zero power factor 

. , fATgj^t -h demagnetizing AT per pole\ ,. . - -o 
= 1 + m I ——j (Art. 158, page 

212), where m is the no-load leakage factor, minus 1 and the 
demagnetizing AT per pole = 0.35 X conductors per pole X le- 

A new no-load saturation curve is calculated using the above 
full-load leakage factor and plotted as shown in the dotted curve 
in Fig. 184. 

The reactance per phase is determined from the formulae on 
page 223, and the triangle pqr and the full-load saturation curve 
at zero power factor are then drawn in. 

The full-load saturation curves at other power factors are 
calculated by the use of the diagram shown in Fig. 177, and from 
these curves the regulation at the different power factors is 
determined. 

Example of Field Calculation.—The armature data of a 937.5- 
k.v.a. (750 kw. at 80 per cent power factor) 2400-volt, 600-r.p.m. 
60-cycle alternator are as follpws: 


Poles. 12. 

Internal diameter. 42.5 in. 

Pole pitch. 11.12 in. 

Frame length. 12.5 in. 

Center vent ducts. 5 X % in. 

Slots per pole, number. 9, open type. 

Slot dimensions. 0.43 X 2.35 in. 

Conductors per slot. 12. 

Connection. 2 parallel Y. 

Exciter voltage. 125. 

Armature amperes full load. 226. 


It is required to design the revolving field system: 

The armature ampere-turns per pole 

, ^ conductors per slot ^ 

= slots per pole X- 2 -^ 

12 228 

= 9 X ^ X = 6100 ampere-turns. 

JO A 

AT max = the maximum excitation = 1.76 X 6100 = 10,700 
(see Art. 170) (approximately). 
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E = the voltage per phase = (since connection is Y) = 1380 

. ' ^ , 1380 X 10« 

4>a = flux per pole =-' o v lo 

2.22 X 0.96 X 2 X 12 X 60. 


Art. 140) = 5 X 10«. 

If =■ field leakage factor, assuineil to be =^ 1 . 2 . 
K V in* V 12 

Pole area =-gg^OO' ~ (approximately). 


Lp = axial length of the field pole is made 0.5 in. shorter than 
the frame length and = 12 in. 

Wp = pole waist = q 12 = ^-2 i»- 


df = depth of field-coil winding, from Art. 17(), should be 
about 1.5 in. (table on p. 238). However, to obtain adociuate 
ventilating space the field winding is tap<ired and ina<U^ partly 
of strap copper 0.625 in. wide an<i the rcinaimhu- of 1.125 strap. 
MT = length mean turn = 2(12 -f- 6.2) + tt X 2.3 = 43.6 in. 
The factor 2.3 allows for the width of strap and also for the neces¬ 
sary insulation between pole and field winding. 

External periphery of field coil = 45 in. (iii)pro.\iinat(ily). 

M — section of field copper = k) 4 ~ 45,000 circular 

mils (see Art. 59, p. 71). 

n,virA ■ f 0.<)25 X 0.057 
45,000 circular mils = 0.0354 sii- in. — i.)r v m/wo 

I 1.1 w») X 1 l.OoA 

Q ^ „ , f ().()25 X 0.003. 

Section actually UHcd = | ^ ^^5 x 0 (H 


This increased section of fiedd copper nllows ainplcj niargain 
for obtaining more than the calculated 10,700 iunp(*re-turns on 
field if necessary without exceeding the noniiul 125 <‘.\(dt,er volts. 

Watts per square inch for tfunpcjniture ris(i 0.057 X 

90 = 5,13 (see Fig. 185, p. 239). 

5 / = space factor = about 0.75 if asbestos or mica of approxi¬ 
mately 15 mils be used between turns. 

L/ = radial length of field coil — 

10,700 / 43.6 _ 

1000 \45 X 5.13 X 1 X 0.76 X 1.27 
— 4.75 in. (see Art. 176). 
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Using the calculated value of copper conductor and 15-znil 
insulation between turns, this space would be Med by 23 turns 
of 0.625- X 0.057-in. strap and 65 turns of 1.125 X 0.032, 
However, a larger cross-section of field copper than the calculated 
value was actually used, and the total height of the pole occupied 
by windings was made 5.4 in. 

Tf = number of turns field winding per pole = 88. 

^ AT,nax 10,700 

Maxunum exciting current = —— = —55— = 122 

1 f 00 


amperes. 

Maximum exciter output = 15.3 kw. including rheostat. 
= 1.63 per cent of normal volt-ampere rating. 

ATg = air-gap ampere-turns per pole at normal voltage and no 
load. 

= AT max 1*2 armature AT per pole (see Art. 177). 

= 10,700 - 1.2 X 6100 = 3400. 

^ = pole enclosure is taken as 0.74. 

5 0 X 10* 

Bg = apparent gap density = n i2 ^a74 ~ X 1 2 " 


xvr— >£^.2 _ A 2ifi 
~5^50tr“ " 

C = Carter coefficient = 1.12 (from Fig. 45 page 47). 


5 = air-gap in inches = 


0.216 

1.12 


= 0.192 in. (0.2 in. taken). 


Calculation of the leakage factor (see Art. 51, p. 54). 
In Fig. 186 h, = 1.2 in. 

L, = 12.0 in. 

Zi = 2.9 in. 

W, = 8.25 in. 
hp = 5.4 in. 

Lp = 12.0 in. 

h = 2 . 8 . 

Wp = 6.2. 

<t>a = <t>el 4>e2 + 4>a3 + ^e4. 

<t>ci = 13(ATp+d^'= ^ ^2 7 9 ~~ “ 64.7(A!r,+<) 

= 19(A7’h. 0A. logic (1 + = {ATp+t) X 19 X 1.2 

X logic (1 + = 16 . 0 ( 4 ^ 44 ) 
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= 6.6(An+*)^ = ^ 2^^ - ^ - 

= 150(Ar^)- 

^.4 = 9.6(4r^)A,logio (l + ^)- 

= (ATg^) X 9.5 X 6.4 X logic “H 2X28 ) 

‘= 31.7^ATg+t). 


4 >, = 262.4(47^). 



Without serious error we may assume that the ampere-turns 
for the gap are equal to the ampere-turns for both gap and teeth; 
the tooth density is generally low enough to justify this assump¬ 
tion. As determined above, the gap ampere-turns in this case 
are 3400. Therefore, = 262.4 X 3400 = 892,000 and the 

, ^ . 5.0 X 10« + 892,000 

no-load leakage factor = -5~0~^10® -^ ~ 

The full-load leakage factor at zero power factor = 1 •+• 0.17 X 
(3M.+9X12^ 113X0.35^ . j ^ „ „ X 3 

Art. 177). 

The magnetic areas are: 


r = pole pitch = 11.12 in. 

^ = pole enclosure (per cent) *= 74. 

Lg = gross iron = 10.625 in. 

Ln = net iron = 9.6 in. 

Ag = apparent gap area =98.0 sq. in. 

C = Carter coeflScient = 1.12. 

At = minimum tooth area per pole =51.0 sq. in. 


Three points on the no-load saturation curve may now be 
calculated; these calculations may be tabulated as follows: 
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To get the figures for the no-load saturation curve with the 
full-load leakage factor, it is necessary to recalculate the excita¬ 
tion for the poles, using a leakage factor of 1.38; the air-gap and 
teeth are not affected. 


Leakage factor — 1.38 


Pole. 

Total ampere-turns per pole 



From the former set of values the no-load saturation curve in 
Fig. 184 is plotted and from the latter set the dotted curve, which 
is the no-load saturation curve with the full-load leakage factor 
is plotted. 

In the above calculation the core and revolving field ring have 
been neglected since the flux density is very low in the case 
of the core to keep down the temperature of the iron and in the 
case of the field ring to give the necessary mechanical strength 
and rigidity. 

The reactance per phase is found by the method shown in 
Arts. 162, 163 and 164 page 218, as follows: 

^ = 5.2X3 (from Fig. 171) = 15.6. 

+ si) - 

Off 1 /l I ^ \ I 

<t>ra - 2.36 logio (^1 + 3 X 0.43 + 2 X 0.8/ 

^^logio (l + = 0-86 (from Art. 164). 

= 3.2 X ^ X = 7.96 (from Art. 164). 

4>t = 0.52 X 0.86 -t- 0.42 X 7.96 = 3.8 (from Art. 164). 
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Reactance per phase per circuit in ohms (Art. 165). 

_ 19 

= 2 XT X 60 X 12^ X 3^ X y (15.6 + [2.36 + 

3.8]12.5)10-8 = 2.7 ohms. 
Equivalent reactance per phase = 1.35 ohms. 

The voltage drop per phase = 1.35 X 226 = 305 volts. 

The voltage drop at the terminals = 1.73 X 305 

= 528 volts since the winding is YY connected 
= 22 per cent of normal voltage. 

The demagnetizing ampere-turns per pole = 0.35 X 9 X 12 X 


and the corresponding field current = a v -t-t- 

neld-turns per pole 

= 48.6 amp. 

The full-load saturation curve at zero power factor lagging may 
now be drawn in and is shown in Fig. 184 
The curves at power factor = 1.00 and power factor = 0.85 
are also shown in Fig. 184. From these curves the regulation 
may be determined and is 

31 per cent at power factor = 100. 

40 per cent at power factor = 0.85. 

46 per cent at power factor = 0.0. 



CHAPTER XX 

LOSSES, EFFICIENCY AND HEATING 


Many of the losses in an alternator are similar to and are- 
figured out in the same way as those in a D.-C. machine. 

Losses may be itemized in the same way as in D. C. machines; 
the itemized losses on D.-C. machinery as given in Chap. X are 
applicable to A.-C. machinery also. 

178. Bearing Friction Loss = 2 watts 

where d = the bearing diameter in inches, 

I = the bearing length in inches, 

Ye = the rubbing velocity of the bearing in feet per minute 

This is the same result as arrived at in Chap. X for D.-C. 
machinery. 

179. Brush Friction.—This loss is small since there are few 
brushes and the rubbing velocity is low; 

the loss = 1.25 A ^ watts 

where A is the total brush-rubbing surface in square inches, 

T'% is the rubbing velocity in feet per minute. 

This also is the same as for D.-C. machinery; it is negligible in 
A.-C. machinery. 

180. Windage Loss.—E.xcept in the turbo-generator, win<lage 
losses are usually negligible. They vary with the cube of 
velocity through the air and it is, therefore, only when peripheral 
speeds become very high that they become appreciable. Fur¬ 
ther comment will be given this item in a subsequent chapter on 
high-speed alternators. 

181. Iron or Core Losses.—As in the case of the D.-C. machine, 
these include the hysteresis and eddy-current losses; additional 
core loss is due to filing, to leakage flux in the yoke and end heads, 
and to non-uniform distribution of flux in the core; losses in 
the pole face. It is exceedingly difiicult to take into considera¬ 
tion all of the factors that affect iron losses; the amount filing 
of slots, the insulation between laminse, the number and width of 
ventilating ducts, the distribution of flux in the core, the grade of 
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iron employed, etc. all have an important bearing on iron loss. 
The loss curves given in Fig. 86 may be taken as a basis for 
calculation, but the results given therein should be multiplied by 
the following factors to make them applicable to A.-C. machine 
designs; even then, there is apt to be a very considerable depar¬ 
ture in the losses of the actual machine from the calculated results. 
The best guide to iron loss is a test on a similar machine built up 
tinder aiiini1fl.T conditions. The following table gives factors to 
apply to the curves of Fig. 86 for a first approximation: 



Factors by which 
to multiply value 
in curves, Fig. 86 

Core 

Teeth 

Mill-annealed sheet steel (usually used in A.-C. 
machinery) 0.0172 in. thick. 

0.7 

4.5 


per cent silicon sheet steel (used in special cases) 
0.014 in. thick. 

0.55 

3. 



There are two reasons to account for the very much higher 
values of the above factor for the teeth as compared to the core; 

(a) The armature core is interrupted every 1)4 to 3 in. of its 
length by ventilating ducts; the field structure, on the other hand, 
is continuous. Hence a part of the field flux enters the teeth 
from the sides. The eddy currents that are set up in the iron 
are, therefore, very much, increased and this increase occurs in 
the teeth only. 

(b) Whatever filing is done is in the slots, and hence there is a 
much better path for eddy currents within a package of iron in 
the tooth portion of the magnetic circuit than in any other part. 

182. Excitation Loss .—As shown in Fig. 184, field excitation 
and, therefore, excitation losses vary with power factor. This 
loss is the product of the field amperes by the exciter voltage; 
losses in the field rheostat, if used, are to be included in obtaining 
efficiency according to the 1925 A.I.E.E. standards rules. 

183. Armature Copper Loss. 


The resistance of one conductor = ^ ohms, 

M ’ 


and the loss in one conductor 


LJc^ 

M 


watts. 
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where Lb is the length of one eonduetor in inches, 
le is tite current in each conductor, 

M is the section of each conductor in circular mils. 

Lbl * 

The total armature copper loss = watts (31) 

where Zc is the total number of conductors. 

In addition to the above copper loss there are eddy-current 
losses in the conductors which losses may be large and cause 
trouble due to heating unless care is taken properly to laminate 
the conductors. 

Figture 187 shows the flux distribution in the slots and air-gap 
of an alternator. The flux entering a slot changes from a maxi¬ 
mum in position A to zero in position B, and this change of flux 
causes eddy currents to flow in the conductors in the direction 



indicated by crosses and dots. To prevent these eddy currents 
from having a large value, it is necessary to laminate the con¬ 
ductors both vertically and horizontally. This flux seldom gets 
beyond half the depth of the slot, so that it is not important to 
laminate conductors which lie in the bottom of the slot. 

The loss due to these eddy currents is a constant loss, being 
present at no load as well as at full load, and is, therefore, meas¬ 
ured with the core losses. 

Of much greater importance are the eddy currents produced by 
the armature leakage flux. Figure 188 shows the leakage flux 
crossing an alternator slot due to the current in the conductors. 
This flux is alternating and, therefore, sets up eddy currents, the 
direction of which is indicated at one instant by crosses and dots. 
To prevent these eddy currents from having a large value it is 
necessary to laminate the conductors horizontally. 

The m.m.f. tending to send this leakage flux across the slot at 
mn is due to the current in the conductors which lie below mn; 
therefore, the leakage flux density is zero at the bottom of the 



250 


ELECTRICAL MACHINE DESIGN 


slot and a maxunum at the top of the slot; it is, therefore, more 
important to laminate the conductors in the top of the slot than 
those in the bottom. 

The loss due to leakage flux is a load loss since the leakage 
flux which produces it is proportional to the current in the 
conductors. The following example will show how large it 
may become. 

Consider the case of the double-layer winding shown in Fig. 
188; the fluxd^ = 3.2 (hic X |) X ^ 



Fig. 188.—Eddy currents due to armature slot leakage. 


and <j), the flux crossing the upper layer of conductors 

ra 


= 3.267,i„ 


y Xjdy 

I dXs’ 

d/2 


= 3.2hIcLc X 


= 1.2 bIJjA 

s 

<t>m, the maximum flux crossing the upper layer of conductors 
= 1.267,„Lc X 

5 

= 1.757eL. X-- 
s 
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Consider a loop hi of width g and thickness dat, the effective 
e.in.f. in this loop due to the flux which crosses the conductors 
= 4.44 0m/lO“® volts. 

The resistance of this loop 

\y.2Lc . 

g XdxX 1.27 X 10‘ 

The eddy current in the loop 
— effective e .m.f. 
resistance * 

4.44 X ^1.7 X bLLc xfjXfX 10-» 
gXdxX 1.27 X 10* 

= 4.8 X 10“® XbItX-XfXgXdx amp., 

and the current density in the loop 
_ current 
~ g X dx 

j 

= 4.8 X 10“* X ble X - X f amp. per square inch. 
The normal current density in one of the top conductors 

Ic X ^ 

= amp. per square inch (approximately), 

and the ratio 

current density at the edge of conductor due to slot le akage 
normal current density 

= 2.4 X 10-* Xd^XfX 

To take a particular example 

/ = 60 cycles, 

o9 = 0.7s, 


d = 2 in., 

and the above ratio = 8. 

The eddy currents, however, tend to wipe out the flux which 
produces them so that the above result is greatly exaggerated.^ 
It is evident, however, that a solid conductor will give rise to 
undue loss on account of these eddy currents. Present-day 
practice is to laminate the conductor copper so as to avoid these 
eddy currents. 

^ For an accurate solution of this problem, see Field, Proceedings Am. Inst. 
Elec. Eng., Vol. 24, p. 765. 
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The Brown-Boveri Company have devised a very ingenious 
composite armature conductor which is composed of strands 
each of which makes one complete spiral around the slot it occu¬ 
pies; the e.m.f. which sets up the eddy currents is, therefore, 
neutralized in each individual strand in this conductor. 

184. The Efficiency.—For an alternating current generator 

_ output in kilowatts _ 

the emciency — kilowatts + losses in kilowatts 

where the losses are: 

Windage, bearing and brush friction: 

Excitation loss; 
iron losses; 

Armature copper loss (neglecting eddy-current loss) ; 

Load losses, which are principally the eddy-current losses in the 
conductors. 

These load losses are determined in the following way: 

The alternator is run at normal speed with the armature short- 
circuited through an ammeter; it is then excited with sufficient 
field to circulate full-load current through the armature .and 
under these conditions the input into the driving motor is meas¬ 
ured; the field is then taken off the machine, the armature open 
circuited, and the power taken by the driving motor again 
measured; the difference between the two readings is called the 
short-circuit core loss and includes; 

The armature PR loss; 

The eddy-current loss in the armature conductors due to leakage 
flux; 

The small iron loss due to the flux in the core. 

It is recommended in the standardization rules of the American 
Institute of Electrical Engineers that the load losses be taken 
as the short-circuit losses less I^R loss and friction and windage 
losses, when the test is made in the manner above described. 

186. Heating.—The temperature rise of the stator of a revolv¬ 
ing field alternator is limited in the same way as that of the arma¬ 
ture of a D.-C. machine. 

For stator cores, built with iron of the same grade as used in 
D.-C. machines and of a thickness = 0.014 in., the following flux 
densities may be used for a machine whose temperature rise 
at normal load must not exceed 60° C. 

Tooth Dbnsift Maxiuuh Coke Dbnuitt 

FSBOTminiT Qt Lraa. PBB SQTTAXB Inch INLlHBSPBB^UABBiNCR 

60 cycles 90,000 60,000 

26 cydes 106,000 72,000 
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The end-connection heating is limited by keeping the value of 

.. ampere conductors per inch, , xi. x • • -p- ioa 

the ratio —- - -below that given in Fig. 189 ; 

circular mils per ampere 

the curve applies to revolving field open-t 3 ^e machines. 

The stator heating is affected by that of the rotor because the 
air which cools the stator passes over the rotor surface, during 
which time it is heated; the hotter the rotor the hotter the air 
which is blown on to the stator and the greater the temperature 
rise of the stator above that of the air in the power house. 



Fig. 189.—Heating curv'es for stator end connections of revolving field 

alternators. 

The ventilation of the power house has a good deal to do with 
the temperature rise of the machines operating therein. In 
the case of belt-driven units the belt keeps the air in the power 
house circulating; the flywheel of a direct-connected engine 
type of machine has the same effect. In the case of water-wheel 
units, however, the circulation of the air in the power house 
has generally to be brought about by the machines themselves 
and, unless they are built with fans, so as to prevent the air 
which has passed through the machines and has thereby become 
heated from being sucked in again, they will often get hot even 
although liberally designed. Such machines sometimes stand 
over a pit and it will ofteai be found that, if this pit is connected 
by a duct to the external air, the temperature rise of the machine 
above that of the air in the power house will be reduced. 

186. Internal Temperature in High-voltage Machines.—It 
was pointed out in Art. 105, page 128, that the difference in 




254 


ELECTRICAL MACHINE DESIGN 


temperature between the copper in the center of a machine and 
that on the end connections, if all the heat in the copper is 
conducted axially along the conductors 


6.7 X 10^ X (y)' 


; degrees Centigrade 


” (circular mils per ampere)^ 
while if all the heat is conducted through the slot insulation the 
difference in temperature between the copper and the iron 
_ ampere conductors per slot ^ thickness of insulation 


circular mils per ampere 


2d + s 


-X 


degree Centigrade. 


That the results of these formulae require careful consideration 
in the case of high-voltage machines of considerable length is 
shown by the following example: 

Assume a turbo-alternator 15,000 k.v.a., 11,000 volts, two poles, 
26 cycles, 1500 r.p.m. The dimensions of such a machine will 
be approximately as follows: 


Full-load amperes. 788. 

Frame length. 00. in. 

Insulation thickness. 0.2 in. 

Diameter, internal. 49.5 in. 

Number slots. 54. 

Slot pitch. 2.88 in. 

Slot width. 1.15 in. 

Slot depth. 5.() in. 

Ampere conductors per inch periphery. 1090. 

Circular mils per ampere. 810. 

Ampere conductors per slot. 8150. 


The difference in temperature between the copper in the 
center of the armature and that on the end connection, if all 
the heat is conducted along the copper, 

^ 5.7 X 10,000 X 30^ ^ 


If, however, all the heat is conducted through the insulation to 
the iron of the armature, the difference in temperature between 
copper and iron 


3150 X 0.2 
810 X 12.35 X 0.003 


2VC. 


From this analysis it is evident that most of the internal copper 
heat must be conducted through the slot insulation into the iron 
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of the armature and there dissipated along with the iron losses 
in the core and teeth. However, some heat is conducted into 
the end windings and there dissipated. This fact coupled with 
the long end extensions of turbo-alternator armature windings 
makes so much heat to be dissipated therein that the ratio 


ampere conductors per inch 
circular mils per ampere 


as given in Fig. 189, is made con¬ 


siderably lower for turbo-alternators than there indicated. 



CHAPTER XXI 
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187. The Output Equation. 

E = 2.22kZ<l>af X I0-*(fonnula (25), page 185). 

= 2.12 X ZX X U) X ^ ^ 

V/ZI 

taking k = 0.96, and q 
Therefore nEI = the output in volt-amperes, 

- » X 2.12ZS,W,. X ” X 10- X 


2.12 X T* X 10-* 


X qDa\ 


and D^Jja - 


volt-amperes ^ 5.7 X 10^ 


aUU J^^aUe — -^ ^ p 

r.p.m. 

The value of S«, the apparent gap density, is limited by the 
permissible value of Bt, the maximum stator tooth density 
which, as pointed out in Art. 185, page 252, is approximately 
90,000 lines per square inch at 60 cycles 
105,000 lines per square inch at 25 cycles 
for open-slot machines. 

Now <#>o = BtrprLn X ^ 
and also = Bg4nLe 
Therefore ,Bg = BtX ^X^’ 

The ratio ^ is approximately equal to 0.75 taking the vent 
he 

ducts and the insulation between the laminations into account. 


The ratio ^ varies with the slot pitch. Suppose, for example, 

that in a given alternator the number of slots is halved; since 
the same total number of conductors is required in each case, 
the total space required for copper remains constant, but the 
space required for slot insulation is approximately proportional 
to the number of slots, since its thickness is unchanged, so that 
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when the number of slots is halved, each slot may be less than 

twice the width of the original one; the ratio — therefore, 

slot 

increases as the slot pitch increases. 




Fig. 191.—Curve for magnetic density for preliminary design. 

The slot pitch is seldom made greater than 2.0 in. because 
the section of the copper in a coil for such a slot is large compared 
with the radiating surface of the coil and it becomes difficult to 
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keep the windings cool. Furthermore, the ampere-turns in a 
single slot become unduly large, thereby exaggerating the eddy 
currents, as analyzed in Art. 183. 



Fia. 192.—Curve to obtain ampere conductors per inch of poriphory for prt‘- 

liminary design. 



!Fig. 193.—Curve to obtain ratio preliniiiuiry design. 


Figure 190, which shows the relation between and slot 

slot 

pitch found in practice for open slot machines, may be used in 
preliminary design. 
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Bg is found from the formula given above and is plotted against 
pole pitch in Pig. 191, a reasonable value for the slot pitch being 
assumed. 

The value of Bg for alternators is considerably less than that 
found for D.-C. machines because of the lower tooth density in 
the former type of machine due to the fact that its armature is 
3tationary while that of the D.-C- machine is revolving. For 
a given output and speed, therefore, the value of D^aLe is greater 
for alternators than for D.-C. machines. 

The value of q is limited by heating. The values of q given in 
Fig. 192 may be used as a first approximation in preliminary 
design. Since heating is what limits the value of q, larger values 
than permitted by Fig. 192 may be used in machines of high 
peripheral velocity, while with low peripheral velocities they may 
have to be decreased. 

188. The Relation between Da and Lc.—There is no simple 
method whereby DJLc can be separated into its two components 
so as to give the best machine. In the case of the D.-C.machine 
the ratio between the magnetic and the electric loading was used 
in order to determine Da and L«., and then the number of poles was 
chosen so as to give an economical shape of coil. 

The number of poles in an alternator is fixed by the speed and 
the frequency, and the diameter and length of the machine should 
be chosen so as to give an economical shape of coil. If, for 
example, the number of poles on a given diameter be increased, 
the pole pitch will be reduced, the field coil will become more and 
more flattened out, and a point will finally be reached at which 
it would be more economical to increase the diameter and shorten 
the length of the machine than to keep the diameter constant. 

For salient pole alternators the ratio ~ should not 

^ pole pitch 

exceed 3; otherwise it becomes difficult, if not impossible, to 

secure adequate ventilation. 

Pole Pitch 

189. Effect of the Number of Poles on the Ratio Length 


Figure 194 shows part of two machines which are duplicates of 
one another so far as the pole unit is concerned; that is, they have 
the same pole pitch, air-gap, armature ampere-turns per pole and 
field ampere-turns per pole; but the total number of poles is 
small in machine A and large in machine S. It may be seen 
that in the former machine there is not room for the field coils 
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because of the large angle between the poles. In order to get the 
field coils on to the poles, it is necessary to increase the diameter 
of the machine without increasing the radial length of the field 
coil, that is, without increasing the armature ampere-tums per 
pole, on which this length principally depends, so that the same 
number of armature ampere-tums per pole must now be put on a 
larger pole pitch and the value of q, the ampere conductors 
per inch, thereby reduced. Although the diameter of the 




Fig. 194. —Effect of the number of poles on the length of field coils. 


machine is increased, the flux per pole must be kept constant, 
otherwise the pole waist will increase; the pole arc will generally 

be unchanged and the ratio —will decrease as the diam- 

pole pitch 

eter is increased, and in four- and six-pole machines will have 
a value of about 0.7. 

The above difficulty, due to a small number of poles, is more 
apparent in machines of low than in those of high frequency, 
because in the former the output per pole is generally larger; 
for example 

a 400-k.v.a., 614-r.p.m,, 60-cycle machine has 14 poles and an 
output of 28.6 k.v.a. per pole; 

a 400-k.v.a. 500-r.p.m., 25-cycle machine has 6 poles and an 
output of 67 k.v.a. per pole; 

a six-pole, 60-cycle alternator with an output of 67 k.v.a. per 
pole would have a rating of 400 k.v.a. at 1200 r.p.m., which would 
be as diflS.cult to build as the above 25-cycle machine. 
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The value of g in Fig. 192 applies to machines which have 
more than 10 poles; for machines with four poles this value should 
be reduced 30 per cent for a first approximation, and for a 
machine with six poles should be reduced about 20 per cent. 

Figure 193 shows the value of the ratio f generally 

found in revolving field machines when the diameter is not 

limited by peripheral velocity, and may be used in preliminary 

design; the reason for the increase in the ratio as the number 

of poles decreases has been pointed out above. 

190. Procedure in Design. 

volt-amperes 6.7 X 10*,, , 

““ —rpm -(32),page256) 

and constant (found from Fig. 193, page 258); 


, pole pitch 

therefore L, = - - — 7 ’ 

a constant 


= V X Dg 
p X a constant 

, _ , volt-amperes . . 5.7 XIO* X pX a constant 

and Do® = - - -X - ^ p ^ ' t o -5 (33) 

r.p.m. tX BgX'i'Xq 

from which Do may be found approximately, since 

Bg can be found approximately from Fig. 191, 

q can be found from Fig. 192, 

\l/ is assumed to be = 0.7 for a first approximation, 

the constant = the ratio (from Fig. 193). 

Tabulate three preliminary designs, one for a diameter 20 per 
cent larger than that already found and the other 20 per cent 
smaller. 

0 X ttD 

Find the probable total number of conductors = *— j—- and 

J-c 

assume that the winding to be used is single circuit, and Y 
connected if three phase, so that /c = the full-load line current. 
Find the number of slots; there should be at least two slots per 
pole per phase in order to get the advantages of the distributed 
winding (see Art. 133, page 176), but the slot pitch should not 
exceed 2.00 in.; (Art. 187, page 257). 

, , - , , ^ probable total conductors . , 

Fmd the conductors per slot-numberofllote-’ 

the nearest number that will give a suitable winding. 



262 ELECTRICAL MACHINE DESIGN 

Find the corresponding total number of conductors. 

Find from the formula, (E) = 2.22kZ<t>af co8|l0-® (formula 
(25), page 186). 

Find the actual frame length as follows: 

divide this into s + thy the tise of Fig. 190, page 257; 

the minimum tooth area required =-:-—i- rr ^ 

^ maximum tooth density 

where the maximum tooth density — 90,000 lines per square inch 

for 60 cycles, 

105,000 lines per square inch 
for 25 cycles, 

the tooth area per pole = slots per pole X yp X t X Ln, from 
which L« can be found. 



Le = Lg + (the center vent ducts), where these ducts are % in. 

wide and are spaced 1.5 to 2 in. apart. 

Find 5, the air-gap clearance, as follows: 

jy _ _0a_ 

° rXypXLc 
_ ATg X 3.2 

Bg 

where ATg is taken as ,6 (armature ampc^n^-turiis p(T pole) 
for a first approximation (see Art. 177). 

The field is now designed roughly, as explained in Art. 170, 
page 238, and the machine drawn out to scale, after which the 
saturation curves are calculated, drawn in, and the regulation 
determined. 

Example .—Determine approximately the dimensions of an 
alternator of the following rating: 937.5 k.v.a. (750 kw. at 80 
per cent power factor), 2400 volts, 60 cycles, 226 amperes, GOO 
r.p.m., 12 poles, three phase. The work may be carried out as 
follows in tabular form: 


Apparent gap density. 

Ampere conductors per inch 
Per cent pole enclosure. 


Pole pitch 
Frame length 


“ a constant 


Bg — 42,000 (approximate, Fig. 191). 
? =1100 (Fig. 192). 

= 70 (assumed). 

1 (Fig. 193). 


ilumber poles for 60 cycles, 600 r.p.m. =12. 

Armature diameter. D, = 47 in. (formula (33), p. 261)1 
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Tabulate results on this machine together with two others, 
one approximately 20 per cent smaller in diameter and the other 
20 per cent larger. 


Armatiire diameter. 

Da » 39 in. 

47 in. 

56 in. 

Total conductors probable. 

Zc - 595 

716 

855 

Pole pitch. 

r -= 10.2 in. 

12.3 in. 

14.7 in. 

Slots per pole. 

6 

6 

9 

Total slots. 

72 

72 

108 

Conductors per slot. 

8 

10 

8 

Connection. 

Y 

Y 

Y 

Total conductors (actual). 

576 

720 

864 

Amount of chording. 

1 slot 

1 slot 

2 slots 

Flux per pole (formula (26)). 

ipa = 5.64 X 10« 

4.5 X 10« 

3.82 X 10« 

Slot pitch. 

X - 1.7 m. 

2.05 in. 

1.63 in. 

Slot width. 

s » 0.82 in. 

0.93 in. 

0.80 in. 

Minimum tooth width. 

t - 0.88 in. 

1.12 in. 

0.83 in. 

Tooth area per pole required. 

62.7 sq. in. 

50 sq. in. 

42.5 sq. in. 

Net axial length iron. 

Ln - 16.9 in. 

10.6 in. 

8.15 in. 

Gross length... 

Lg » IS. 8 in. 

11.6 in. 

9.1 in. 

Center vent ducts. 

8 X M in. 

5 X ^8 in. 

4 X H IB. 

Frame length. 

Xe = 21.S in. 

13.5 in. 

10.6 in. 

Apparent gap density. 

Bg » 36,200 

38,800 

35,000 

Armature AT per pole. 

5420 

6780 

8130 

ATg (assumed 0.6 armature AT) . 

3250 

4070 

4880 

. 

0.29 

0.336 

0.445 

Field System 




Maximum AT per pole (Art, 170). 

9500 

11,850 

14,250 

Leakage factor, full load, assumed. 

1,3 

1.3 

1.3 

Pole area required. 

86.2 sq. in. 

68.S sq. in. 

58.3 sq. in. 

Axial length of pole. 

Lp = 21.3 in. 

1.3.0 in. 

10.1 in. 

Pole waist. 

Wp =4.1 in. 

5.3 in. 

5.8 in. 

Depth of field coil. 

1.5 in. 

1.5 in. 

1.75 in. 

Mean turn. 

58.0 in. 

43.8 in. 

39.6 in. 

External periphery. 

01.0 in. 

46.8 in. 

43.0 in. 

Exciter voltage. 

125 

125 

125 

Section field cupper. 

M = 45,500 c.iii. 

42,500 c Ill. 

50,500 e 111, 


1.0 X 0.024 

1.5 X 0.622 

1.75 X 6.«J23 

Watts per square inch 00**C. rise (Fig. 185).,. 

3.2 

3.S 

4.2 

Space factor. 

«/ = 0.75 

0.75 

0.75 

Radial length field coil for 60°C. rise. 

Lf = 3.7 

4.2 

4,4 

The three machines are now 

drawn in to scale as 

shown in 


Fig 195. 

The 39-in. machine is expensive in core assembly while the 
56-in. machine is expensive in inactive material, such as the 
material in the yoke. 

So far as operation is concerned, there is little to choose between 
the machines.; The armature ampere-turns per pole is the same 
fraction of the field ampere-turns per pole in each case, the voltage 
drop due to armature reactance is also about the same for each 
design. In the 39-in. machine the air-gap is small and the length 
Lc is large, which tend to make the reactance large, but there are 
only 8 conductors per slot, whereas in the 56-in. machine, while 
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Fig. 195.—Comparative designs for a 937.5-k.v.a.. 60-cycle, 600-r. 

alternator. 
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the aiivgap is larger and the frame length shorter, the number of 
conductors per slot is eight but it has nine slots per pole instead 
of six. 

The 39-in. machine is rather long for its diameter and might be 

somewhat difficult to ventilate. The ratio is still 

frame length 

far within the limit set in Art. 188, but the peripheral speed is 
somewhat low to secure good ventilation. On the other hand, 
the 47- and the 56-in. machines require an undue amount of 
inactive material, as pointed out above. The performance of 
any of these machines would undoubtedly be satisfactory, and 
our problem is to select the one that is most economical to build. 
Any diameter between 39 and 56 in. is satisfactory; in our partic¬ 
ular case it so happens that one of the large electrical manu¬ 
facturing companies has a design for this rating on a diameter 
of 42.5 in. The details of this design are as follows: rating, 
937.5 k.v.a. (750 kw. at 80 per cent power factor), 2400 volts, 
three phase, 60 cycle, 226 amperes, 12 pole, 600 r.p.m. 


Armature diameter. 42.5 in. 

Ampere-conductor per inch, (Fig. 192). 1100. 

Per cent pole enclosure. 74, 

Pole pitch ^ ^ 

Frame length. 

Total conductors ^226 ^ ^ probable. 654. 

Pole pitch . 

Slots per pole. 9. 

Total slots (9 X 12). 108. 

Conductors per slot. 0. 

Connection (make 12 conductors per slot instead of 6 and so 
divide conductors more completely; make two Y's in 

parallel). YY. 

Total conductors, actual. 1296. 

2400 

Voltage per phase . 1380. 

Flux per pole. 5.02 X 10®. 

Slot pitch ” ^). 1.23 in. 

Slot width (Fig. 190) (slot width actually made 0.43 in.). 0.52 in. 

Minimum tooth width. 0.8 in. 

Tooth area per pole required (Bt = 90,000). 55.8 sq. in. 

Net axial length of iron. 10.4 in. 

Gross axial length of iron. 11.5 in. 
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Center vent ducts. 5 X % in. 

Frame length (frame length was actually made 12.5 in., there¬ 
by increasing tooth density to about 103,000). 13.4 in. 

Apparent gap density. 48,500. 

Armature AT per pole ^108 X 2 ^^) . 6100. 

ATg (assumed - 0.6 armature AT) . 3660. 

BC . 0.242. 

Field System 

Maximum AT per pole (1.75 X armature AT) . 10,700. 

Leakage factor, assumed. 1.2 

Pole area required (Bp == 85,000). 70,6 sq. in. 

Ajdal length of pole, gross. 12 in. 

Axial length of pole, net. 11.4 in. 

Pole waist. 0.2 in. 

Depth of field coil (Art. 176). 1.5 in. 


As noted in Art. 177, the actual depth of field coil used was 
reduced below that indicated in Art. 176 so as to allow better 
ventilation of the field coils. The field winding actually used was 
tapered, 23 turns being made of copper strap 0.625 in. wide and 
65 turns of 1.125-in. strap. 


Mean turn. 43.0 in. 

External periphery. 40 in. 

Exciter voltage. 125. 

Section of field conductor (Art. 54). 38,500 cir. mils. 


This gives the cross-section of copper that is necessary to give 
the maximum field ampere-turns with not more than 125 volts 
applied. As actually built, the field copper was increased about 
15 per cent over the figure determined above, thereby permitting 
the maximum excitation to be secured at about 110 volts oxcitcu- 
voltage; in other words, more margin was allowed in the dc^sign 
of the field. The field as actually built was wound with 23 turns 
of copper strap, 0.562 X 0.066 in. and 65 turns of 1.125 X 0.033 
in. = 47,200 cir. mils. 


Watts per square inch 60“ C. rise (Fig. 185). 

Space factor (assumed). 

Radial length of field (Art. 176). 

Ampere conductors per inch . 

Circular mils pernmpere ^ ^.- 

Circular mils per ampere. 

Amperes per conductor at full load... 

Section of conductor. 


3.4. 

0.75. 

5.0 in. 

2 . 6 . 

425. 

113. 

48,000 c.m. 
0.0376 sq. in. 
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Slot width. 0.43 in. 

Thickness slot insulation at 40 volts per mil (see Art. 154).. 0.060 in. 

Thickness conductor insulation, say. 0.008 in. 

Width of slot available for copper = 0.43 — 2(0.06 + 

0.008). 0.294 in. 

To reduce eddy currents, wind coils two wide and three deep to 
get the six conductors required in each coil side; make width of 
each conductor 0.14 in.; make depth 0.27 in.; hence total cross- 
section = 0.0378 sq. in., or practically the value determined 
above. 

Slot depth is determined as follows: 


Six conductors, 0.27 in. each. 1.62 in. 

Slot insulation, 4 X 0.06. 0.24 in. 

Conductor insulation, 12 X 0.008. 0.096 in. 

Total for two coil sides. 1.956 in. 

Allow for wedge and insulation. 0.394 in. 


Slot depth. 

Flux density in core 60,000 (Art. 185). 

<t>a 


2.350 in. 


Core area 


Core depth 


2 X 60,000 


41.8 sq. in. 


core area . . 

— = 4 in. 


net iron 
External diameter = 50 in. 


Most manufacturing companies provide themselves with 
blank forms on which design data may be entered. Such forms 
usually provide for information such as is given in the foregoing 
tabulations so that designs may be readily compared. 

191. Field Design.—This may be carried out as indicated in 
Chap. XIX where the field system of the 42.5-in. internal diam¬ 
eter machine tabulated above is designed completely, the satura¬ 
tion curves determined and drawn in Fig. 184, and the regulation 
found. 

192. Variation of Length on a Given Diameter.—As indicated 
in Art. 190, an acceptable 937.5-kv.a. machine can be built 
on any diameter from 39 to 56 in., and perhaps even wider limits 
of diameter variation. Conversly, considerable variation of 
output may be secured on a given diameter of frame by varying 
the length of active material. This method of construction is 
widely used by the manufacturing companies so as to reduce to a 
minimum the dies and other tools that are necessary in the process 
of manufacture. A very material saving in die and other tool 
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cost can be brought about by providing for a series of frame 
diameters in which the rating with the greatest length of active 
material in a given diameter will overlap or adjoin the rating of 
the shortest length of active material in the next larger diameter; 
the rating in the shortest length of active material will overlap 
or adjoin the rating of the longest active material in the next 
diameter. Thus, a reasonable provision for dies and 
tools can be made to cover any rating tiiat may be called for. 

Let us see how this works out on the 42.6-in. diameter frame, 
the details of which we have given above; suppose we increase 
and also decrease the length of active material by 50 percent. 
What rating will result? The essential items of such designs 
may be tabulated as follows, the middle tabulation being that of 
the 937.5-k.v.a. machine given above: 


Armature diameter. 42.5 in. 42.5 in. 42.5 in. 

Net axial length of iron.... 7.0 in. 10.4 in. 15.6 in. 

Gross axial length of iron.. 7.8 in. 11.5 in. 17.3 in 

Center vent ducts. 3 X in. 5 X % in, 8 X K 

I<^ame length. 8.9 in. 13.4 in. 20.3 in. 

Total number slots. 108 108 108 

Conductors per slot. 18 12 8 

Connection. YY YY YY 

Size of conductor.0.14 X 0.18 in. 0.14 X 0.27 in. 0.14 X 0.405 in. 

Ampere conductors per 

inch. 1100 1100 1100 

Circular mils per ampere., 425 425 425 

Armature AT per pole.... 6100 6100 ClOO 

Amperes per conductor.... 75 113 170 

Terminal voltage per phase 2400 2400 2400 

Output in k.v.a. 625 937.5 1400 


The above machines are discussed under the following heads: 

Conductors per Slot.—Since the intention is to use the same 
armature punching, the number of slots is fixed, and for the 
same flux density in the different machines the flux per pole must 
be directly proportional to the net iron. Now the voltage per 
conductor is proportional to the flux per pole, so that, for the 
same terminal voltage, the number of conductors in series per 
phase must be inversely as the flux per pole and, therefore, 
inversely as the net iron in the frame length. 

Size of Conductor.—For the same total copper section, this 
is inversely proportional to the number of conductors per slot 
and, therefore, directly proportional to the net iron in the frame 
length. 
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Ctirrent Rating.—For the same current density in the con¬ 
ductors the current in each conductor must be proportional to 
the conductor section and, therefore, to the net iron in the frame 
length. 

. Output.—^For the same voltage in each case the output in 
k.v.a. is proportional to the current and, therefore, to the net 
iron in the frame length. 

Air-gap Clearance.—^The current per conductor is inversely 
as the number of conductors per slot, so that the ampere con¬ 
ductors per slot is the same in each case, and the armature 

^ . ... ampere conductors per slot 

ampere-turns per pole, which = — - -^- - - X 


slots per pole, is independent of the frame length; the maximum 
excitation and the air-gap clearance are, therefore, also independ¬ 
ent of the length of the frame. 

Regulation.—The demagnetizing ampere-turns per pole 
= 0.35 X conductors per pole X L 
and since 7c is inversely proportional to the number of conductors 
per slot, the demagnetizing ampere-turns per pole is independent 
rf the frame length. 

The armature reactance drop 

+ (</>« + 10“® X Ic 


= 27rfph^c^ cos^ 


where 


4^eDe 


is independent of frame length since it depends on 


the pole pitch, which is constant, 

<l>8 is the same in each case since the slots are unchanged, 
<t>t is the same in each case since the teeth and air-gap 
are unchanged. 

The armature reactance drop is, therefore, proportional to (con¬ 
ductors per slot)- X current X {A + BLc) 
or to (conductors per slot) (A + BLc) 


or to 


(A -f SL.) 

Lc ' 


where A and B are constants, 


so that the longer the machine the lower is its reactance drop 
and the better the regulation, other things being unchanged. 

The pole leakage flux consists of flank leakage which is constant 
and pole-face leakage which is proportional to the frame length; 
0a, the flux per pole, is directly proportional to the frame length; 

the leakage factor = ^ where C, D and F are 

0a r tic 
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constants and so is smallest for the longest machine that is built 
on a given diameter. 

A machine cannot be lengthened indefinitely, however, because 
n point is finally reached at which it becomes impossible to cool 
fche center of the core without a considerable modification in 
the type of construction and the addition of fans, and still 
further, as the length increases the pole section departs more 
and more from the square section. 

193. Windings for Different Voltages and Phases.—Let us 
assume that we wish to adapt the 937.5-k.v.a. generator above 
detailed to other voltages and phases. What modification in 
windings is necessary? Suppose, for instance, that we wish to 
change this machine to meet the following ratings. What 
changes become necessary? 

600 volts, three-phase, 60 cycles, 

2400 volts, two-phase, 60 cycles. 

To Find the Conductors per Slot. 


E = 2.22kZ<t>af cos llO"® 

slots 

= a constant X A X conductors per slot X - 

phases 

A X w 7 conductors per slot - . . 

= a constant X lo X -r—^ 7 '-- for a given frame 


and frequency. 

For the machine in question k = 0,96 for a three-phase winding 
volts per phase X phases 


and the constant = 


k X conductors per slot 
2400 


1.73 


X 3 


0.96 X 12 


= 360. 

For the 600-volt, three-phase winding 

conductors per slot = Phase X phases 

k X Si constant 
600 X 3 
0.96 X 360 


and 


= 5.2, or say 5, if 600 is the voltage per phase, 
that is if the winding is A connected 

^X3 

_ 1.73 ^ ^ 

0.96 X 360 

~ ^ voltage per phase, that is 


if the winding is Y connected. 
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The Y-eonnected winding is the better of the two because with 
such a connection any third harmonic in the e.mi. wave is elimi¬ 
nated, whereas in the case of a A-connected winding the third 
harmonics cause a circulating current to flow in the closed circuit 
of the delta. 

Since the winding is double layer, the number of conductors 
per slot must be a multiple of two, so that the winding actually 
used win have six conductors per slot and will be connected four 
circuits in parallel. 

For the 2400-volt, two-phase winding, it will be noted at once 
that the nine slots per pole that are used in the three-phase 
winding cannot be divided by two so as to be suitable for a two- 
phase winding. It is preferable to use a number of slots that is 
suitable for both two and three phases; that is, a number of slots 
per pole that is divisible by six. In that event, it is suitable, for 
either two-phase or three-phase winding as may be desired. 
Any even number of slots would be suitable for a two-phase wind¬ 
ing, but to obtain a satisfactory wave form, not less than 6 slots 
per pole should be used, and 12 slots per pole would be preferable 
from this standpoint. Either six or 12 slots per pole would be 
suitable for both two phase and for three phase; more than 12 
would be undesirable because the coils get so narrow as to be 
flimsy. Once having chosen the number of slots to be used, the 
winding for two phase, 2400 volts may be worked out by methods 
similar to those outlined above. 

Reference to the table in Art. 140 will show that the distribu¬ 
tion factor for two-phase winding, with a given number of .slots 
per pole, is less than for a three-phase, winding. This difference 
in the value of the distribution factor leads theoretically to a 
slightly lower rating when a given machine is wound for two phase 
than when wound for three phase. This theoretical difference 
is appro.ximately 6 per cent; it is usually disregarded and the 
same ratings are used whether the winding is two or three phase. 

194. Typical 100-k.v.a. Generator with Field Coils of D.C.C. 
Wire.—The following is a preliminary design for a 100-k.v.a., 
2400-volt, three-phase, 24-ampere, 60-cycle, 1200-r.p.m., six-pole 
A.-C. generator: 
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Apparent gap density (Fig. 191). Bg - 41,000 

Ampere conductors per inch (Fig. 192).. ^ — 860. 

Per cent pole enclosure (assumed). ^ = 68. 

Pole pitch ^ ^ constant (Fig. 193). 1.36. 

Frame length 

Z)« (formula (33)). 17.4 in. 


While the diameter and ratio hereby found would 

undoubtedly make an acceptable machine, the foregoing discus¬ 
sion indicates that these values may vary over quite wide limits 
and still obtain an acceptable design. The dimensions of an 
actual machine being made by one of the large manufacturing 
companies are available, and these two last items, as well as the 
remainder of the design, are now tabulated as actually made by 


this company. 

Pole pitch 

Frame length. 1.99. 

Armature diameter. 19 in. 

Total conductors, probable (Art. 190). 2140. 

Pole pitch. 9.95 in. 

Slots per pole, number. 12. 

Total slots, number. 72. 

Conductors per slot. 30. 

Connection. Y. 

Total conductors, actual. 2160. 

Chording armature coils. 1 slot. 

Flux per pole. 1.52 X 10®. 

Slot pitch. 0.83 in. 

Slot width. 0.43 in. 

Minimum tooth width. 0.40 in. 

Net axial length of iron. 4 in. 

Gross axial length iron. 4.25 in. 

Center vent ducts. 2 X in. 

Frame length. 5 in. 

Apparent gap density. 44,800. 

Maximum tooth density. 115,000. 

Armature AT per pole. 4320, 

AT gap. 2410. 

BC . 0.176 in. 

Field System 

Maximum AT per pole (1.5 X armature AT per pole). 6480. 

No-load leakage factor. l.H. 

Pole area. 18.6 sq. in. 

Pole waist. 3.38 in. 

Depth of field coil. 1.5 in. 

Mean turn. 25.0 in. 
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External periphery. 

Exciter voltage. 

Section of field wire.. 

Watts per square inch.... 
Radial length of field coils 


29.0 in. 
125. 


11,100 cir. mils* 
1,19. 

4.5 in. 


The field coil as designed with a uniform thickness of 1.5 in. 
is shown dotted in Fig. 196, the actual shape of coil used is shown 
by heavy lines. 

There are some points in which the design as tabulated above 
departs considerably from the design that would be arrived at by 



Fig. 196—Field system of a 75-k.v.a., 60-cycle, 1200-r.p.m. alternator. 


following the procedure set forth in the first part of this chapter. 
The tooth density used is some 25 per cent in excess of that 
recommended in Art. 185; also, the gap density is considerably 
higher than that given in Fig. 191. This results in much higher 
iron losses than in a design as dictated in the first part of this 
chapter, but this is a very small machine for an alternaior and, 
therefore, has a relatively large radiating surface, and some 
liberties may be justified. 







CHAPTER XXII 
HIGH-SPEED ALTERNATORS 


196 . Alternators Built for an Overspeed.—A typical example 
of such a machine is an alternator which is direct connected 
to a water wheel. 

The peripheral velocity of a water wheel is less than the 
velocity of the operating water; if the load on such a 
be suddenly removed, and the governor does not operate rapidly 
■ enough, then the machine will accelerate until it runs with a 
peripheral velocity which is approximately equal to the velocity 
of the water and is from 50 to 100 per cent above normal, 
depending on the type of wheel used. 

An alternator which is direct connected to a water wheel musl 
have a diameter small enough to allow the machine to run at the 
above overspeed without the stresses due to centrifugal force 
becoming dangerous. When this diameter has been reached, 
the output for a given speed can be increased only by increasing 
the length of the machine, and after a certain length has been 
reached it becomes, impossible to keep the center of the machine 
cool without the use of special methods of ventilation. 

Example.—Determine approximately the dimensions of ar 
alternator of the following rating: 

2750 k.v.a., 2400 volts, three phase, 660 amperes, 60 cycles 
600 r.p.m.; the machine has to run at an overspeed of 75 pei 
cent. 

If the design were carried out in the usual way, then th( 
following would be the result. 


Apparent gap density. B, = 43,000. 

Ampere conductance per inch. q = 1220. 

Per cent enclosure. ^ = 70 . 

Pole pitch 

EVame length = . “ 1 - 00 - 

Poles. p =12. 

Armature diameter. £)„ = 55 in. 


With this diameter, the peripheral velocity at 600 r.p.m 
would be 10,200 ft. per minute, and the peripheral velocity at 
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say, 75 per cent overspeed would be 17,850 ft. per minute. With 
the type of construction shown in Fig. 197, a safe and compara¬ 
tively cheap machine can be built with this peripheral velocity. 





Fig. 197.—Outline of a 2750-k.v.a,, 600-r.p.m., 60-oyde, water-wheel driven 
alternator, to run at 75 per cent ovenspeed. 


The design may now be continued as follows: 


Armature diameter. 65 in. 

Total conductors (probable). 378. 

Pole pitch. r = 17 in. 

Slots per pole. 9. 

Total slots. lOS. 

Conductors per slot. 3.5. 

(Use fourteen conductors per slot and connect four circuits in parallel. 

Total conductors (actual). 378. 

Amount of chording armature coils. 3 slots. 

Flux per pole. 8.9 X 10®. 

Slot pitch. 1.89 in. 

Slot width. 0.63 in. 

Tooth width. 1.26 in. 

Tooth area required per pole. 98.9 sq. in. 

Net axial length of iron. 12.5 in. 

Gross length of iron. 13.9 in. 

Center-vent ducts. S X ?s in. 

Frame length. 16.9 in. 


The remainder of the design is carried out in the usual way 
and the machine is then drawn to scale as shown in Fig. 197, 
which shows the kind of ventilation required to keep the center 
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of the machine cool. Fans are placed at the ends of the rotoi 
to create an air pressure and so force air out across the back oj 
the punchings and also through the vent ducts. Coil retainers 
are put at A to prevent the rotor coils from bulging out due tc 
centrifugal force. 

196. Turbo-alternators.—^Alternators which are direct con¬ 
nected to steam tubines run at a high speed and have, therefore; 
few poles, even for large ratings. It was pointed out in Art. 
189, page 259, that when the number of poles is small, it becomes 
difficult to find space for the necessary field copper, but that this 
difficulty could be overcome by increasing the diameter of the 
machine and lowering the value of q, the ampere conductors 
per inch. 

In the case of the turbo-alternator, the diameter cannot be 
increased beyond the value at which the stresses in the machine 
due to centrifugal force reach their safe limit, and some other 
method of solving the difficulty must be found. 

The answer that has been found satisfactory for modern steam 
turbine-driven alternators is to use an insulation on the field 
coils that will withstand high temperatures. As indicated in 
Art. 152, the temperature rise in field windings provided with 
class B insulation is 90° C. according to the standards established 
by the A.LE.E. The use of a field winding capable of operat¬ 
ing with a temperature rise of 90° C., and of a rotor construction 
that is described in the following article, has resulted in a satis¬ 
factory structure. 

197. Rotor Construction for Turbo-alternators.—Due to 
the high velocities required in turbo-alternators, the centrifugal 
forces in such a structure are very high; for instance, a weight 
of 1 lb. revolving at 1800 r.p.m. with a peripheral speed of 2(),000 
ft. per minute is acted on by a centrifugal force of over 2500 lbs. 
It is therefore necessary to adopt a type of construction which is 
capable of resisting very high centrifugal forces. The type of 
construction shown in Figs. 198 and 199 is the type now uni¬ 
versally used for turbo-alternator rotors except that for the 
through shaft therein shown there is now substituted a construc¬ 
tion in which the body of the rotor (the part carrying the exciting 
windings) is either of solid-forged steel with no center hole for 
a shaft, or is made up of rolled-steel plates about 2 in. thick 
rabbited together. The shaft is either forged on, in the former 
type of construction, or consists of a forging ending in a flange of 
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Fig. 198.—Outline of n .WOO-kw., 1800-r.p.ni., 60-cycle turbo-altemator. 
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the same diameter as the rolled plates, in the latter type. In 
the latter type of construction, through bolts hold the shaft 
flanges to the body of the rotor as well as hold together the 
individual body plates. In both types, the slots for the field 
windings are milled out, as shown in Figs. 198 and 199. Figure 
200 shows the body of a turbo-rotor using rolled-steel plates about 
2 in. thick rabbited together for the body of the rotor, and th@ 
shaft flanges bolted on at each end. 



Fig. 199. 


198. Stresses in Turbo-rotors.—The electrical and mechanical 
design of a turbo-rotor must be carried out together, because 
the space available for field copper cannot be determined until 
the section of steel below the rotor coils, required for mechanical 
strength, has been fixed. The most important of the stresses in 
the type of rotor shown in Fig. 198 are determined approximately 
as follows: 

Stress at the Bottom of a Rotor Tooth ,—Assume that one tooth 
carries the centrifugal force due to its own weight and to that of 
the contents of one slot, and also that the total weight of copper, 
insulation and wedge in a slot is the same as that of an equal 
volume of steel. 

Consider 1 in. in axial length of the rotor; then in Fig. 199, 
where all the dimensions are in inches: 

dw = X dr X 0.28 lb. = weight of the cross-hatched 


piece, 



ArroingeTncn+ of Pla+es 

Fig. 200.—Tiirho-mtor t-onsstriK'lion—made up of rolled steel plates rabbited tof^ether. 
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V = 


2flT r.p.m. _ 
X 


12 '' 60 
the centrifugal force due to dw 


= the peripheral velocity of this piece; 


dwXv^X 12. 

gXr ’ 

the total centrifugal force carried by a rotor tooth 


= ^7^ XdrX 0.28 X 


f- 

(ri» 


360 

rg^)r.p.in.^ X « 


\12 ^ 60 y 


X 


12 

gXr’ 


lb. 


21.5 X 10* 

the stress at the bottom of a rotor tooth = force . 

_ (ri* — r 2 »)r.p.m.® (t + s) X 360 
21.6 X 10« X f 2irrs 


(34) 


Stress in the Disc .—The centrifugal force of the section of the 

rotor enclosed in the angle jS = ' ^^ 21 b^X^To^ ^ 

the vertical component of this force 

- (ri^ - r3’')r.p .m.V . 

21.5 X i0» ' 

the total vertical component due to half the rotor 
_ (ri* — ra')r.p.m.® X 180 
21.6 X i0« 

_ (ri® — rs®)r.p.m.® , 

1.9 X Id' 

the stress in the section dr = (35) 

When there is no through shaft used, as is the case in modern 
construction, dr becomes equal to rj and rs becomes zero. 

Stress in the Wedge .—The total force acting upward on the 
wedge is the centrifugal force of the contents of the slot 


X average value of sin 6, 


lb.; 


f 


= I 5 X dr X 0.3 X 


/ 27rr ^.nu\ 

\12 ^ 00 J 


® 12 
X - 
g Xr’ 


_ (ri® — fz®) X s X r.p.m.® . 


= P; 


2.3 X 10' 


the stress at section ab due to shear = 


2 X A 


= S; 


the stress at point 6 due to bending = —= B; 


the maximum stress in the wedge = ^ + + S*. 
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199. Diameter of the Shaft.—Every shaft deflects due to the 
weight which it carries so that as it revolves it is bent to and 
fro once in a revolution. If the speed at which the shaft revolves 
is such that the frequency of this bending is the same as the 
natural frequency of vibration of the shaft laterally between its 
bearings, then the equilibrium becomes unstable, the vibration 
excessive, and the shaft liable to break unless very stiff. The 
speed at which this takes place is called the critical speed and 
should not be within 20 per cent of the actual running speed. 
The critical speed for turbo-rotors in r.p.m. == a constant X 

FeT 

whereE = Young's modulus for the shaft material = 

about 30,000,000 for steel; 

I == the moment of inertia of the shaft section 

about a diameter = 

64 

M = the mass of the revolving part = —j 

2L = the distance between the bearings (see Fig- 
198). 

the constant^ = 75 for turbo-rotors, if inch and pound units are used. 

Therefore the critical speed = 100 X ^-eight^ L* 

If, instead of vibrating as a whole, the shaft vibrates in two 
halves with a node in the middle, then the frequency of this 
harmonic is got by substituting for L in the above equation the 

value “ and is equal to 

= the fundamental frequency X 2^^; 

= 2.8 times the fundamental frequency. 

It is found in practice that this harmonic has a value which 
varies from about 2.4 to 2.6 times the fundamental frequency. 

The deflection of the shaft is generally limited to 5 per cent 
of the air-gap clearance so that there shall not be any trouble 
due to magnetic unbalancing, therefore 

W V 

deflection = —= 0.055 in. 

48EI 

where W — the weight of the rotor + the unbalanced magnetic 
puU in pounds (see Art. 331). 

1 Behrbnd, Elec, Rev., N. Y., 1904, p. 375. 
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In. modem turbo-generators, the structure of the rotating 
element is not a simple shaft of circular cross-section, as has 
been assumed in the foregoing; in obtaining the critical speeds 
and the deflection, the character of this structure must be 
analyzed, and suitable values used for I in the equations derived 
above. 

The stress in the shaft is determined as follows: 


WL. 


Mb, the bending moment at the center of the shaft = in.-lb. 


Mt, the twisting moment = 


watts input 33,000 


746 


X 


2Tr.p.m. 


X 12, 


watts input 
r.p.m. 


X 85 in.-lb. 


M,, the equivalent bending moment = Mt + 


VmK + M\ 

---, 


= stress X (37) 

200. Heating of Turbo-rotors.—The assumption made in the 
following discussion is that all the heat generated in the part 
ahcd of the rotor, Fig. 198, is dissipated from the surface irDrl, 
so that each part of the rotor gets rid of its own heat and there 
is no conduction axially along the winding. 

The difference in temperature between the rotor copper and 
the air which enters the machine 

= the difference in temperature from copper to iron, 

+ the difference in temperature between the iron and the air 
at the rotor surface, 

+ the difference in temperature between the air at the rotor 
surface and that entering the machine, which value may be 
taken as 15® C. 

It was shown in Art. 105, page 128, that in any slot the difference 
in temperature between the copper and the iron 

_ ampere conductors per slot thickne ss of insulation 
circular mils per ampere ^ 

_L., 

0.003 

_ ampere conductors per pole X 33 1 

slots per pole X circular mils per ampere . 2d^ 
taking the thickness of slot insulation and the slot clearance to be 
0.1 in. and neglecting s for the case of strip copper laid flat in 
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the slot, because the heat will not travel down through the 
layers of insulation. 

The difference in temperature between the rotor surface and 
the air surrounding it is found as follows: 

The resistance of a conductor of M cir. niila section, I in. long 

= ohm. 

M 

II ® 

The loss in this conductor — watts. 

M 

II 2 

The total loss in section aftcd (Fig. 198) = X conductors per slot 

X doteperpole X poles - omporo conductors po^p^ 

circular mils per ampere ^ 

The watts per square inch of radiating surface 

_ ampere conductors per pole p Xl 
circular mils per ampere xDrZ ^ 


_ ampere conductors pe r pole 


xi. 

r 


circular mils per ampere 
The temperature rise of this surface abed. Fig. 198, above the 
air may be obtained from the formula given in Art. 101— viz.: 
watts per square inch per degree Centigrade = 0.01 + 0.025T’’ 
where V is the peripheral velocity in thousands of feet per 
minute. Transposing this relation 

^ , • • j X* j watts per square inch 

temperature nse in degrees Centigrade = -- ■ q 0 0^51"- 

_ ampere cond uctor s pe^pole _ 

^ circular mils per ampere X r X (0.01 + 0.025T'') 

The temperature rise of the rotor copper above the air entering 
the machine may therefore be taken as 
__ ampere conductors per pole^_1_ 


circular mils per ampere 
33 \ 

+ 15, and for the allowable temperature 


ypole pitch X (0.01 + 0.025 F) 

slots per pole (2d)) 
rise of 90° C. (A.I.E.E. standard), the circular mils per ampere 

__ ampere conductors per pole /_1_, 

75 ^pole pitch X (0.01 + 0.025 T’) 

slots per pole (2d).) 

201. Heating of Turbo-stators.—Compared to its output, 
the radiating surfaces of a turbo-alternator are small, and forced 
ventilation is essential. In the earlier designs of such machines, 
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fftTiH were attached to the rotor for the purpose of circulating 
the necessary air. The limitations in design were such that the 
fans were not very effective and, in present-day practice, the 
fan for circulating the ventilating air is usually a separate piece 
of equipment driven by a separate motor. Also it is now becom¬ 
ing more and more common to use an entirely enclosed air 
system, sprajdng the air with water before it enters the alter¬ 
nator, thus not only cooling it but washing out all particles of 
dust and other solid matter. The desirability of doing this may 
be realized when the amount of air necessary for cooling is 
calculated. 

If, in a machine which is cooled by forced ventilation, 

ti = the temperature of the air at the inlet in degrees Centi¬ 
grade, 

to = the average temperature of the air at the outlet in degrees 
Centigrade, then each pound of air passing through the machine 
per minute takes with it p.238(io — U) lb. calories per minute 

or 7.5 (to — ti) watts, 
and each cubic foot of air per minute takes 
0.536(<o — ti) watts, 

since the specific heat of air at constant pressure = 0.238 and 
the volume of 1 lb. of air is approximately 14 cu. ft. 

If 100 cu. ft. of air per minute are supplied for each kilowatt 
loss in the machine, then the average rise in temperature of the 
air will be 19° C. 

For a generator that weighs 15 lb. per kilovolt-ampere, and 
has an efficiency of 97 per cent, the amount of air that will be 
drawn through for cooling—allowing for 15° C. rise in the cooling 
air—^will be the generator’s own weight of air every 55 min. 
This indicates the large quantity of air that is necessary for 
generator cooling. 

The losses in air friction that occur in circulating this amount 
of air are considerable. In fact, they are large enough to lead 
designers to consider the feasibility of using hydrogen instead of 
air for cooling purposes. Hydrogen has a specific heat of 3.4— 
fourteen times that of air—and a specific gravity of about 0.07— 
air being 1. Thus, hydrogen is very much better as a cooling 
medium than is air; the amount of power required for circulating 
hydrogen for a given amount of cooling is only about 10 per cent 
of what would be required with air. Of much greater importance 
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is the fact that, if hydrogen cooling could be used, heat could 
be dissipated from the machine much more readily, and a con¬ 
siderably higher rating could be secured for a given weight of 
machine than is now possible with air cooling. The use of a 
completely closed system for the cooling medium in our modem 
turbo-generators renders the idea of using hydrogen for cooling 
less chimerical than might seem at first thought. While the idea 
has not yet been put into actual operation (1926), it is receiving 
serious consideration. 

When air is blown across the surface of an iron core at V 
thousand feet per minute, the watts dissipated per square inch 
per degree Centigrade rise of that surface is 0.01 + 0.0257 (see 
Art. 101). It is not generally advisable to use air velocities 
higher than 6000 to 8000 ft. per minute because of the losses in 
air friction that take place at these high velocities. For an air 
velocity of 8000 ft. per minute, the watts per square inch dissi¬ 
pated for a 1° C. rise are 0.21. 

The watts of iron loss per square inch of vent duct surface = 
watts per cubic inch of iron X X (Fig. 87, p. 124). 

For IJ^-in. thick packages of iron, an air velocity of 8000 ft. 
per minute and a difference in temperature between iron and 
air of 10° C., the 

watts per cubic inch of iron = 0.21 X 10 X 0.75 = 1.575 

1 575 

and the watts per pound of iron = = 5.G3 (there being 0.28 

lb. of iron per cubic inch) which according to Fig. 86 gives a flux 
density of 

63,000 lines per square inch at 60 cycles, 
and 102,000 lines per square inch at 25 cycles. 

As a matter of fact the iron loss in turbo-generators is not much 
over (See Art. 181) 0.7 times the value found from the curves in 
Fig. 86 because the bulk of this loss is in the core behind the teeth 
and is therefore not affected by filing of the slots; the pole face 
loss in a turbo-generator is also small because the air-gap is long 
and so prevents tufting of the flux. 
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In a long machine like a turbo-generator most of the heat due 
to stator copper loss has to be conducted through the slot 
insulation and dissipated from the sides of the vent ducts, and t.hip 
counteracts the effect of the reduced core loss so far as core 
heating is concerned. For a new machine the following values 
of flux density should not be exceeded unless there is considerable 
information obtained from tests on other machines which would 
justify the use of higher values. 

Maximum Tooth Maximum Cohxs 

Dxnsxty, Limbs pbr Dbnszty, Limbs pbb 


Frbqubmoy ^uabb Inch Squabb Imch 

25 cycles. 120,000 90,000 

60 cycles. 110,000 80,000 


for silicon steel 0.014 in. thick. 

202. Stator Ventilation.—^Figure 201 shows the methods of 
ventilation used in modem turbo-alternators. A in Pig. 201 
shows the method of ventilation that was formerly used; all of 
the air for ventilating the stator was forced into the air-gap from 
the ends and thence passed radially through the vent ducts 
in the stator. This method answered very satisfactorily for 
ratings up to 16,000 to 20*000 k.v.a. When larger ratings were 
attempted, the area of the air-gap was not sufficient to admit 
the necessary quantity of air to carry away the heat. It must 
bC'borne in mind that the peripheral speed of rotors is up to a 
point where a consideration of centrifugal forces will not permit 
further increase in diameter and the only way of securing the 
larger outputs that were demanded was to lengthen the machine. 
It is obvious that this lengthening cannot be carried on indefi¬ 
nitely without reaching a point where it is impossible to pass all 
the necessary air for ventilation through the air-gap from the 
two ends, only. The answer to this difficulty is found in dia¬ 
grams B and C, Fig. 201. The stator is divided into sections 
for ventilating purposes, and as many multiple paths as ma y 
be necessary may be secured. With these multiple paths, the 
cross-section of the air-gap no longer is the determining factor in 
dictating the amount of air that can be passed through a genera¬ 
tor. So far as ventilating is concerned, therefore, the length of 
a generator may be increased indefinitely and still secure satis¬ 
factory results. 

Pgure 201A shows a modem turbo-generator ventilating 
layout using a self-contained blower and a radiator type of air 
cooler. 






S^ralgh-V Radial Vcn+ila+ion MuHiple Radial MuWipic Radiol 

CiVcum-f«rcn+ial m Air Gap A^ial in Air Gap 

Fia. 201. —Diiigriim shtiwiiig various iiioflinas jor ''^«Tiu*liilion of turbo-genc‘riitor sfators. 
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203. Slioit-circtiits.—^When an alternator running at normal 
speed is short-circuited and the field excitation gradually 
increased, the current which fiows for any fidd excitation can be 
found from a short-circuit curve such as that in Fig. 176, page 
226, and at the excitation for normal voltage and no load the 
armature current on short-circuit will for modem generators 
seldom exceed 1.26 times full-load current. 



The terminal voltage and the power factor are both zero on 
short-circuit, and the voltage drop, as shown in diagram A, Fig. 
202, is made up of the drop EoEg due to armature reaction, and 
of the armature reactance drop IX. 

T^en an alternator, running at normal speed, no load and 
excited for normal voltage, is suddenly short-circuited, the arma- 
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ture current increases and tends to demagnetize the poles. Now 
the flux in the poles cannot change suddenly because the poles are 
surrounded by the field coils, which are short-circuited through 
the exciter, as well as by a squirrel-cage winding—in many 
modern generators—recessed into the faces of the poles so that 
any decrease in the fiux in the poles causes a current to flow 
round the field coils or in the squirrel-cage amortisseur winding 
in such a direction as to maintain the flux. The armature reac¬ 
tion is therefore not instantaneous in action and at the first 
instant after the short-circuit the current in the armature is 
limited only by the armature reactance. The operation of an 
alternator on a sudden short-circuit is shown in diagram B, 
Fig. 202. 



Fia. 202.—Vector diagram for an alternator on short-circuit. 


The maximum value of the current depends on the value of 
the voltage at the instant of the short-circuit; in Fig. 203, curve 
1 gives the value of the generated e.ni.f. at any instant, and 
curve 2, the value of the reactance voltage at any instant during 
the first few cycles after the short-circuit; the terminal voltage 
is zero, the armature reaction is dampened out by the field wind¬ 
ing, or the amortisseur winding, and the reactance voltage is 
equal and opposite to the generated e.m.f. 

The reactance voltage is produced by the change in the short- 
circuit current and, according to Lenz’s Law, acts in such a 
direction as to oppose this change. If then, as in diagram A, 
Fig. 203, the short-circuit takes place at the instant a, when the 
generated voltage is a maximum, then between a and h the 
reactance voltage is negative and must therefore be opposing a 
growth of current, while between 6 and c the reactance voltage 
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is positive and must be opposing a decay of current. At the 
instant of short-circuit the current is zero, and curve 3 is the 
current curve which meets these conditions. 

If, as in diagram B, Fig. 203, the short-circuit takes place at 
the instant /, when the generated voltage is zero, then between 



f and g the reactance voltage is positive and must therefore be 
opposing a decay of current, while between g and h the reactance 
voltage is negative and must be opposing a growth of current. 
At the instant of short-circuit, the current is zero and curve 3 
is that current curve which meets these conditions. 

Neglecting the leakage reactance of the rotor, the current in 
the case represented by diagram A, Fig. 203, has an effective 
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...i... generated voltage per phase ,. „ 

value-reactance per phase-’ 

sented by diagram B the maximum current is twice as large. 

204* Probable Value of the Current on an Instantaneous Short- 
circuit.—It was shown in the last article that the effective current 
under the most favorable conditions 

generated voltage per phase , . 

-reactance'per phase ’ 

current on instantaneous short-circuit __ gener ated voltage 
full-load current reactance voltage 

The generated voltage per phase 

= 2.22 X k X QOa~Z<l>afl0~^ (formula (26), page 185); 

= 2.12(6cp) X cos I (B£,^Lc)/ 10“* taking k = 0.96; 



Fig. 204.—Values of the leakage fluxes. 


the reactance voltage per phase 

= 2w}bH^p\<j>eLt + (0a + <l)t)Lr]10~'^ X / for a chain windinj 
(formula (28a), page )223; 

= 2TrfbH^ cos^^p + (0« + 0r)L,.]lO-» X 7 for a double^ 

layer winding (formula (29), page 223). 

Where varies with the pole pitch as shown in Fig. 204, 
n 


n 


^ ^1 
cn 

total 


^ ^ 4_ 2dz , ^ 

s s + w w 


> and since c X n X s, the 


slot width per pole, is proportional to the pole 
pitch, therefore “ is approximately inversely pro- 

71 

portional to the pole pitch; 
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Ci 

^ = 0.42 <ptp = 1.34^ for machines with definite pole 

/lO 

rotors, neglecting the value of <t>ta, 

= 3.2^ for machines with cylindrical rotors, the type 
25 


The ratio 


generally used for turbo-generators. In order 
that the regulation of the machine may have a 
reasonable value, 8, the air-gap, is fixed by the 
value of the armature ampere-turns per pole and 
is approximately proportional to the pele pitch; 
therefore <t>t is approximately inversely propor¬ 
tional to the pole pitch. 

reactance voltage _ _3£^r^ , <l>. + (In '] , , . 

generated voltage Bg^\_ nLe n J 


winding = ^ cos y jfor a double-layer winding, 

where ~ — poi^^pi^h ^ given number of phases. (39) 

The values of <t>, and 4>t are plotted in Fig. 204 for average 
machines which have not less than two slots per phase per pole 
nor a larger slot pitch than 2.9 in., and for machines with open 
slots and laminated rotors. 


Example.—Determine, approximately, the ratio 

937.5-k.v.a. machine detailed in Chap. XXI. This machine had the following 
dimensions: 


Normal output in kilovolt-ampere. 937.5. 

Normal voltage. 2400. 

Number of phases. 3. 

Current per phase. 226. 

R.p.m. 600. 

Frequency. 60. 

B = chording factor. 0 

Internal diameter armature. 42.5. 

Pole pitch. 11.12 in. 

Frame length. 12.5 in. 

Average gap density. 48,500. 

Per cent pole enclosure. 74. 

Ampere conductors per inch. 1100. 

Winding. Double layer, Y-connected. 

Reactance voltage _ 3 X llOO / 10 i ^ A 

Generated voltage 48,500 X 0.74 \2 X 12.5 "" 

That is, this machine would give an instantaneous short-circuit current of 
aH normal full-load current, if short-circuited at such a point in its voltage 
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wave as to give the minimum short-circuit value and double this value at the 
maximum. 


When a solid pole face is used, as in most turbo-altemators 
with cylindrical rotors, the value of <i>t will be’lower than that 
found from Fig. 204, because the flux will be prevented from 
entering the pole face by eddy currents which it produces therein; 
this tends to make the short-circuit current larger than the value 
found from formula (39). 

Down to this point the effect of the leakage reactance of the 
rotor winding has been neglected. As shown in Fig. 167, page 
213, the total flux per pole = and this remains 

constant during the first few cycles after an instantaneous 
short-circuit. In order that 0m remain constant, a current 
must flow in the rotor winding in such a direction as to oppose 
the demagnetizing effect of the armature reaction. This current 
is large, so that the m.m.f, between the poles and, therefore, 
the leakage flux 0e is much larger immediately after a sudden 
short-circuit than at no load. 

If <i>eo = the pole leakage flux at no load 

and 4>es = the pole leakage flux immediately after a short-circuit, 
then the generated voltage in the machine, which is produced 
by the flux 0a, is less immediately after a short-circuit than it 


was immediately before in the ratio and this tends 

0m — <Pco 

to make the short-circuit current smaller than the value found 
from formula (39). 


To reduce the ratio 


current on instantaneous short circuit’ 


full-load current 

it is necessary as shown in formula (39): 

To increase the value of </, the ampere conductors per inch; 
this will at the same time cheapen the machine but will 
cause its regulation to be poorer. 

Use a chain rather than a double-layer winding so as to increase 
the end-connection reactance. 

Use deep, narrow and closed slots so as to increase the slot 
reactance. 

Use as small a pole pitch as possible until the point is reached 
at which the term becomes of more importance than 


the term 


n 
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Use a laminated rotor if possible- 

Use a cylindrical rotor rather than one of the definite pole type, 
because of the larger value of 0i, as may be seen from Fig. 204. 
All the above changes are made to increase the reactance of 
the machine and, therefore, tend to make the regulation poor. 

The value of the instantaneous short-circuit current can be 
reduced by making the pole leakage factor large, and this will not 
affect the regulation seriously if the pole pieces are unsaturated 
at normal voltage, 

206, Supports for Stator End Connections.—The large current 
due to an instantaneous short-circuit takes several seconds to 
get down to the value which it would have on a gradual short- 
circuit, and during this time the force of attraction between 
adjacent conductors of the same phase is very large and tends 



Fig. 205.—Flux distribution in the air gap of a turbo-alternator. 


to bunch the end connections of each phase together. The 
force between the groups of end connections of adjacent phases 
is also very large and, when the currents in these phases are in 
opposite directions, this force tends to separate the phase groups 
of end connections. To prevent any movement of the coils due 
to this effect it is necessary to brace them thoroughly in some 
such way as that shown in Fig. 198, 

206. The Gap Density.—For the type of rotor shown in Fig. 
198, the distribution of fiux in the air-gap is given by the heavy 
line curve in Fig. 205; if two more slots per pole are added, as 
shown dotted in Fig. 205, the flux will be increased by the amount 
enclosed by the dotted curve and, for a considerable increase in 
rotor copper and rotor loss, only a small increase in the flux per 
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pole will be obtained. The angle jS is therefore seldom made 
less than 30 electrical degrees, and for this value the Tnfl.-irimnm 
gap density = the average gap density X 1.5, approximately. 

The maximum gap density depends on the permissible value 
of the maximum tooth density, since 


Ba 


Bt 


max 



the blocks of iron in the core are about 1.5 in. thick, the vent 
ducts 0.375 in. wide and the stacking factor = 0.9; 
therefore 



an average value for ^ = 1-75 for turbos, since the slot pitch is 
generally large, 

and Btmax = 110,000 lines per square inch for 60 cycles, 

— 120,000 lines per square inch for 25 cycles; 

therefore 

Bgmax — 45,300 lines per square inch for 60 cycles, 

= 49,400 lines per square inch for 25 cycles. 

207. The Demagnetizing Ampere-tums per Pole at Zero 
Power Factor.—The distribution of the m.m.f. of armature 
reaction at two different instants is shown in Fig. 168, page 214, 
for a machine with six slots per pole and b conductors per slot. 
In the case of a definite pole machine, the portion of this diagram 
which is cross-hatched is effective in demagnetizing the poles, 
whereas in the type of machine with a cylindrical rotor the whole 
armature m.m.f. is effective, and for this case 
ATav X OX = area of diagram A, 

= 2hln,\ + X 2X + bim X 2X, 

= 7bLn\ 

= area of diagram B, 

= 1.736/^* X 3X + OMiSbLn X 2X, 

= 6.9267„,X, 

== 6.966/,«X the average value from diagrams A 
and B. 

Therefore ATav = 1.166/,„,. 

= 1.646/c where /<• is the effective current per 
conductor, 

= 0.275 X conductors per pole X Ic 
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The Ty»i.Trinr>nm . of the held windings is that at the center 
of the poles and is equal to the ampere-tums per pole. 

The average in.ni.f. when /3, Fig. 205, is 30 electrical degrees 

= (approximately), 

1.0 

the ampere-tums per pole 
1.5 

Therefore the ampere-tums per pole required on the field to 
overconCie the demagnetizing effect of the armature 

— 1.6 X 0.275 X conductors per pole X /c X cos ^ 

= 0.41 X conductors per pole X Ir X cos (40) 

208. Relation between the Ampere-tums per Pole on Field 
and Armature.—For definite pole machines the value of the 
ampere-tums for the gap on no load and normal voltage 
= 

= 1.2 times the armature ampere-turns per pole for a first 
approximation (see Art. 177, page 240). 

It may be seen by a comparison of formulae 27 and 40, pages 
215 and 296, that, for a machine with a cylindrical rotor, a some¬ 
what larger number of field ampere-turns are required to over¬ 
come the demagnetizing effect of the armature than for a definite 
pole machine; and further, it will be seen from the example in 
Art. 209 Jihat the air-gap of a turbo-alternator is very long and 
the number of ampere-turns used up in sending the flux through 
the poles is, therefore, very small compared with that required 
for the gap, so that the saturation curve does not bend over and 
the advantage of a saturated pole, pointed out in Art. 169, page 
228, cannot readily be obtained. The regulation of turbo¬ 
generators is, in general, therefore, not quite so good as in a 
salient pole generator. On the other hand, turbo-generators 
are usually of much larger capacity than those with salient poles 
and, therefore, there is not the need for good, inherent regulation 
since a given change in load is a smaller proportion of the genera¬ 
tor rating; further, it is not good practice to design very large 
generators with good inherent regulation because of the large 
current they will deliver on instantaneous short-circuit. It is, 
therefore, usual to design large turbo-alternators with a somewhat 
stronger armature compared to the field than in salient pole 
machines. For a first approximation, the following relation 
may be used for turbo-alternators; 

AT for gap = 0.75 armature AT full load. 
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209> Procsdure in Turbo Design*—The method of working 
up the preliminary design of a turbo-alternator may best be 
illustrated by an example. 

Make a preliminary design for a 25,000-k.v.a., 13,200-volt, 
three-phase, 60-cycle, 1800-r.p.m., 4-pole, 1095-ampere generator! 

Peripheral speed rotor. 24,000ft. per minute assumed 

Rotor diameter. 2)r = 51 in. 

Rotor pole pitch. = 40 in. 

Ampere conductors per inch (Fig. 192). g = 1560. 

Armature AT per pole ^ . =31 20 O. 

^ * 

ATg = 0.75 armature A7^ for first approxi¬ 
mation. 23,400. 

Probable value of CS = —. — 1.65 in. 

■0(7 »noa! 

C = 1 for so large a gap. Make air-gap... =1.5 in. 

Internal diameter stator. Da = 54 in. 

Total conductors (probable). Ze = ^ ^ _ 242. 

■*0 

Stator pole pitch. t = 42.3 in. 

Slots per pole. 18. 

Total slots. 72. 

Conductors per slot. 3. 

Total conductors (actual). Zc = 216. 

Armature resistance at 75® C. 0.0265 ohm. 

(Three conductors per slot will not wind into a two-layer winding; so 
use six conductors per slot—two circuits in parallel.) 

Chording of winding. 2 ^ pitch. 

Flux per pole.^. = 80.5 X 10«. 

Stator slot pitch. > = 2.30 in. 

Slot width. 8 - l.OC in. 

Tooth width. f = 1 .30 in. 

Tooth area per pol<‘recpiired = = 0 *^'* = 1350 sq. in. 

if lav if t max 

1.5 ■ 

Net length iron in core. Lu = 58.2 in. 

Gross length iron in core. Lg — 65.0 in. 

Center-vent ducts. 60 X ?s in* = 22.5 in. 

Frame length. 87.5 in. 

(Was made 90 in.) 


The machine may be drawn approximately to scale and the 
distance between bearings determined; this distance is approxi¬ 
mately 210 in. 


Rotor Design. 

Probable rotor weight = 0.7854 X 51® X 90 X 0.28 X 1.5 = 77,000 lb. 

The factor 1.5 is used to take account of end con¬ 
nections, field coil retainers, shaft extensions, etc 
(actual weight = 81,000 lb.). 



























298 


ELECTRICAL MACHINE DESIGN 


Shaft diameter in bearings. 14 in. 

Rotor deflection due to its own weight. 0.0071 in. 

Length of each bearing. 24 in. 

. 

Normal running speed is there¬ 
fore safely below first critical 
speed. 

Length rotor body. fll*0 in. 

Rotor slot pitch. 2.81 in. 

Rotor slot width. 1.219 in. 

Rotor slot depth. 7.0 in. 

Rotor tooth width, maximum. 1.591 in. 

Rotor tooth width, minimum. 0.821 in. 

Number rotor slots, total. 40. 

Depth wedge in rotor slots. 1.25 in. 

Rotor conductors per slot. 22.5. 

Total rotor conductors. 900. 

Total rotor turns. 450. 

Conductor size. 2 of 0.109 X 1.0 in 

Exciter voltage. 250. 

Field resistance—75^ C. 0.434 ohm. 

Armature ampere-turns per pole (full load). 29,600 

Maximum field ampere-turns per pole. 47,300 (= 1.6 X 

armature AT per polo) 

Length mean turn (field). 270 in. 


Stator Core Design. 

Conductors per slot. 6 . 

Ampere conductors per inch (actual). 1400. 

Ampere conductors per slot. 3270. 

Circular mils per ampere. 877. 

Circular mils per conductor. 877 X = 480,000. 

Conductor made up of 18 copper straps (2 wide and 9 deep), ouch strap 
0.258 X 0.081 in. (0.081 in. dimension being depthwise). 

Wedge for retaining armature winding sunk 1 in. to increase armature* 
reactance. 

Calculated losses are as follows: 


Kilowatts 

Bearing losses. 40 . 

Windage losses. 400. 

Iron losses. 210 . 

Armature copper loss. 45. 

Load loss. 120 . 

Field loss. gO. 

Total losses. 395 , 

This gives the following eflSciency (80 per cent power factor): 

Per cent load. 40 60 80 100 

Per cent efficiency. 91.3 93.8 95.0 95.7 
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Figure 206 shows the cross-section of one end of a turbo¬ 
generator of the same internal diameter as the one detailed above. 
It shows some of the ventilating air ducts, ventilation being of 
the multiple radial type, the air flowing axially in the auvgap. 
This is the type of ventilation shown in O' of Fig. 201. 



Fig. 200.—Crosa-aoction through a modern turbo-generator. 


Figure 207 shows the saturation curves—no load and full 
load, zero power factor—of the turbo-generator above detailed; 
also, the short-circuit characteristics. 

210. Single-phase Turbo-generators.—In the design of this 
type of machine a new difficulty presents itself. It was shown in 
Art. 171, page 231, that the armature reaction in a single-phase 
alternator is pulsating and causes a double-frequency pulsation 
of flux in the poles, and, therefore, a large eddy current and 
hysteresis loss therein. 
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These pulsations are damped out somewhat by the eddy 
currents, but an eddy-current path in iron is a high-resistance 
path, and the eddy-current loss is, therefore, large. In order 
to damp out the flux pulsations with a minimum loss, it has 
been found necessary to surround the rotor with a squirrel- 
cage winding of copper in which eddy currents will be induced 
tending to wipe out the pulsating effect of armature reaction,^ 



Pio. 207.—Saturation curves for a 2o,000-k.v.a., 13,200-volt, three-phase, 00- 
oyde, 1800-r.p.m., four-pole, lOOS-ampere full-load, turbo-gonprator. 

and since the resistance of this squirrel cage can be made low 
its loss can be small. A suitable squirrel cage may be made 
by ^ng copper for the slot wedges shown in Fig. 199, dovetailing 
similar wedges into the pole face, and connecting them all 
together at the ends by copper rings. 

The following figures^ show how necessary these dampers are: 
A 1000-k.v.a., two-pole, 25-cycle turbo-alternator was tested three 
phase; one phase was then opened and the mflp.Viinft run with 
two phases in series, which gave a single-phase winding with 
two-thirds of the total conductors (see Fig. 199, page 278). The 
* Waters, Trans. A. I. E. E., Vol. 29, p. 1069. 
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same flux per pole and the same current per conductor were used 
in each case with the following result: 

Heat Runs on Full-load 

Thkeb-phase Single-phase Single-phase 
No Dampers No Dampers with Dampers 

Temperature rise in degrees Centigrade 

In the three-phase machine the armature reaction is constant 
in value and revolves at the same speed and in the same direction 
as the poles so that dampers are not required. 

The pulsating field of armature reaction, as pointed out in 
Art. 171, page 231, is equivalent to two revolving fields, one of 
which revolves in the same direction and at the same speed as 
the poles, while the other, which causes the trouble, revolves at 
the same speed but in the opposite direction. The e.m.f. 
induced in an eddy-current path depends on the rate at which the 
lines of force of this latter field are cut and has a large value in a 
high-speed turbo-alternator but causes little trouble in moderate- 
speed machines. 



CHAPTER XXIII 

SPECIAL PROBLEMS ON ALTERNATORS 

211. Flywheel Design for Engine-driven Alternators.—When 
two alternators are operating properly in parallel the currents flow 
as shown in diagram A, Fig. 208, and the operation is represented 
by diagram B. The e.m.fs. P and Q are equal and opposite with 



A 



Fio. 208.—Diagrammatic representation of two alternators in piirallel. 


respect to the closed circuit consisting of the two armatures 
and the lines connecting them, and there is, therefore, no current 
circulating between the machines. 

Should one of the machines, say Q, slow down for an instant, 
the currents will flow as shown in diagram C, and the operation is 
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represented by diagram D when machine Q lags behind maoliino 
Phy 6 electrical degrees. The two e.m.fs. are no longer opposed 
to one another and there is a resultant e.m.f. Er which sends a 
circulating current round the closed circuit. While t.TiiB cir¬ 
culating current has no separate existence, because it combines 
with the current which each machine supplies to the load to 
give the resultant current in the machine, yet it is convenient to 
consider its effect separately. 

E 

This circulating current = =—and lags Er by 90 deg., 

Xp “I” 

where Xp = the synchronous reactance of machine P; 

Xq = the synchronous reactance of machine Q; 
the resistances of the armatures and the resistance and reactance 
of the line are all small compared with the above reactances and 
so can be neglected. It may be seen from diagram C that this 
circulating current is in the same direction as the e.m.f. in P; 
it therefore acts as an additional load on that machine and causes 
it to slow down; being opposed to the e.m.f. in Q, it, therefore, 
lightens the load on that machine and causes it to speed up; 
therefore, the two machines tend to come together, until they 
are in the position shown in diagram P, where the machines are 
in step and the circulating current is zero. Due, however, to 
the inertia of the machines, they will swing beyond the position 
of no circulating current which current will then be reversed and 
tend to pull the machines together again. The frequency of this 
swinging will be that of the natural vibration of the machines; 
the swinging will gradually die down due to the damping effect 
of eddy currents in the pole faces, field coils and dampers. 

If one of the machines is direct connected to an engine whose 
torque is pulsating, forced oscillations will be impressed on the 
machine; if tlicir period of vibration is within 20 per cent of 
the natural period of vibration, cumulative oscillation will take 
place and the machines be thrown out of step unless they are 
powerfully damped. It is, therefore, of extreme importance 
to study the natural period of vibration of alternators. 

212. Two Like Machines Equally Excited.—When swinging 
takes place between two such machines, they move in opposite 
directions with the same frequency, so that if Fig. 209 shows the 
vector diagram of the two machines referred to the closed circuiti 
then 
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B = the angle of displacement between the two machines; 

6 

a zs the angle of displacement of one machine from the 
position of zero circulating current or mean position. 


J5r = sin 


Er 


7, the circulating current = —4 where X is the synchronous 

2a 


reactance of each machine, 


2E sin 2 
"" 2X 

- T ■ ^ 

lac Sin 

where 7„ is the short-drcuit current at the excitation required at 
no load for voltage E and may be found from a short-circuit 
curve such as that in Fig. 211. 7„ for machines 
of modem design ranges from about 0.8 to 1.25 
times normal full-load current. 

The synchronizing power, or power transferred 
from one machine to the other, in watts 



= nEI cos 2 > 
= nEil,, sin 


d 

cos^; 


= nEI, 


sin 6 


Fio. 209.— 
Vector diagram 
for two like 
machines in 
parallel. 


— nEIac 2 for small oscillations, where 6 is 

the angular displacement between the 
machines in electrical radians; 

= nEIacOL where a is the angular displacement 
of one machine from its mean position 
in electrical radians; 

V 

= nEIac where a is the same angular displacement 
in mechanical radians. 

The torque corresponding to the above power transfer 
= n(EI.,afj X a'xTx r.p.m. ^ 
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= nEI,c X 3.5a, 

r.p.m. ’ 

= Ka; 

that is to say, the torque is directly proportional to the displace¬ 
ment and therefore the equation for the small displacements is 

g dt^’ 

from which the time of oscillation in seconds 



Wr^ X r.p.m. 


Jg X nEI,c XpXS.i 


/ X r.p.m. 

I watts X ki X p X 2.9 


(41) 


where TFr* = the moment of inertia of one machine in pound- 
feet*, 

r.p.m. = the speed of the machine in revolutions per 
minute, 

watts = the normal output of the machine at unity power 
factor, 

7 iu X- short-circuit current . ,. 

= the ratio — « i- t— at the excitation 

full-load current 

corresponding to voltage E at no load, 
p = the number of poles. 

213. One Small Machine in Parallel with Several Large Units. 
In this case, if the small machine is driven by an engine, it will 
swing about its mean position but will not be able to make the 
large units with which it is in parallel swing in the opposite 
direction, so that if Fig, 210 shows the vector diagram of the 
two machines referred to the closed circuit then 


a = the angle of displacement between the small machine and 
the others with which it is in parallel, and is also the angle 
of displacement of the small machine from its mean position. 


Er = 2E sin 


Ij the circulating current = = where X is the synchronous 

JL 


reactance of the small machine; the reactance of all the other 
machines in parallel is very small compared with this value 
and may be neglected. 
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2;^ sin ^ 



nr • “ 

= 2I,c sm 2 

the synchronizing power in watts, 
= nEI cos 


■n .. nr • “ 

= nE X 2I,e sin ^ cos 
= nEJ«X2X^’ 


Fro. 210.—Vector = nEI.ca) 

in^ paSw same value as that obtained for two 

irith a large station, like machines so that the time of oscillation 
will be the same as for two like machines. 

Example .^—Cross compound engines running at 83 r.p.m., 
with a flywheel effect of 8.5 X 10® Ib.-ft.®, driving three-phase 
alternators of 2100-k.v.a. output at 50 cycles, were found to 
hunt with the periodicity of the revolution. The short-circuit 
current of the machine for different excitations varied between 
2.3 and 3.3. times fuU-load current. 

In such a case there is an impulse impressed on the system 
every stroke or four impulses per revolution; if any one of these 
impulses differs in magnitude from the others, due to unequal 
steam distribution, there wiU also be a forced oscillation with the 
periodicity of the revolution. 

For the machine in question the time of one cycle of natural 


, /8.5 X 10® X 83 

frequency = /-^ 

J 2 IOO X 1000 x[ 33 j X 72 poles X 2.9, 


= 0.7 to 0.84 sec. 

The number of forced oscillations per minute due to unequal 
steam distribution is 83, and the corresponding period of vibra¬ 
tion is, therefore, = = 0.72 sec., which corresponds very 

closely with that of the natural frequency. It was found 
pwjssible to maintain parallel operation long enough to allow tests 
to be made by carefully equalizing the steam distribution so as 
to eliminate this low-frequency forced oscillation. 

* Rosenberg, Jour, of the Inst, of Bled. Eng., Vol. 42, p. 649. 
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It is advisable to design the flywheel so that the natural 
frequency .of vibration of the machine is lower than that of the 
lowest forced oscillation; this will sometimes require the use 
of an enormous wheel; as, for example, in the case of alternators 



operating in parallel and driven by large slow-speed gas engines. 
Gas engines are generally of the four-cycle type; that is, there 
is an explosion once in two revolutions. If the engine is of the 
four-cycle, double-acting, cross-tandem type there are four 

— End Rins. 

-Cast Steel 

End Plate. 

—Laminations, 


Fio. 212.—Alternator dampers. 



explosions to the revolution and the forced frequencies in such a 
case are: 

One impulse every two revolutions due to an unequal distribution 
of gas making one explosion always more powerful than 
the others; this is not a desirable condition of operation but 
one that must be provided for. 
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One impulse per revolution due to the want of perfect balance 
of the reciprocating parts. 

One impulse per quarter revolution due to the four explosions in 
each revolution. 

In order that the natural frequency of oscillation of the 
alternator be below the frequency of the lowest impulse, a very 
heavy and expensive flywheel is required, so that the wheel is 
often made with a moment of inertia of such a value that, over 
the whole range of operation, the natural frequency of the alter¬ 
nator is more than 20 per cent higher than that of the lowest 
impulse and more than 20 per cent lower than that of the impulse 
of next higher frequency. For example, in Fig. 211 the excitation 
during operation may vary from of to og and the value of the 
short-circuit current from 1% to L. The natural frequency of 
oscillation is directly proportional to the square root of the 
short-circuit current, and for the value of Wh chosen is not within 
20 per cent of the frequency of either of the two lowest impulses 
for any excitation between of and og. 

214. Use of Dampers.—For gas-engine-driven alternators 
powerful dampers are supplied because the applied torque 
varies so much during each revolution. The type of damper 



shown in Fig. 212 is that generally used; it consists of a complete 
squirrel cage around the machine and acts as follows: 

The damper rods are embedded in the pole face and so do not 
cut the main field; therefore any damping effect is due to cut¬ 
ting of the armature field. If the armature field revolves at 
synchronous speed with a uniform angular velocity, then, due to 
the impulses of the engine, the poles oscillate about the position 
of uniform angular velocity and cut this field. The curve in 
Fig. 213 shows the distribution of the armature field; the poles 
move relative to it in the direction of the arrow, and e.m.fs. are 
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induced in the rotor bars in the direction shown by the dots 
and crosses. The frequency of these e.m.fs. is that of the 
oscillation of the machine and is of the order of two cycles per 
second, so that the reactance of the damper bars can be neglected 
compared with their resistance if the slots in which they lie are 
open at the top as shown in Fig. 212. The currents in the bars 
are, therefore, in phase with the e.m.fs. and so are also represented 
by the same crosses and dots; it may be seen that the direction 
of these currents is such that the force exerted on them by the 
armature field tends to prevent the relative motion of the arma¬ 
ture and the damper rods. 

The e.m.f. in a damper rod at any instant = Bya X Lc X V,. X 
10”® volts. 

Where Bya = the gap density at that part of the field which is 
being cut at the particular instant, 

Le = the frame length, 

Vc = the velocity of the damper rod relative to the 
armature field in inches per second, 


the average value of Vc = 


displacement from mean position 
time of } 'i cycle 


180 ^ 


where ^ = the maximum displacement of the poles, in electrical 
degrees, from the position of uniform angular velocity 
and fn = the frequency of oscillation; 

therefore the effective voltage in a damper rod is approximately 
= 1.1 X X X X 4/„ X 10-* volts. 

The resistance of a damper rod of copper = ^ ohms, 


the effective current in a damper rod 

= B,a X X 4.4/„ XMX 10-», 

the current density in circular mils per ampere 

10® X 180_ 

Bya XP X r X 4.4/„' 

The damping effect depends on the value of the cotal 
damper current, which, for a given machine, depends on the 
number of damper rods and on their section. If the section of 
these rods be increased, they will carry a larger current and will 
have a greater damping effect; and the angle of swing will be 
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reduced so that the larger this section the lower the current 
density because of the reduction in the value of p. 

It is of interest to know the order of magnitude of this current 
densit 7 ,' for example, assume that 
Baa = 25,000 lines per square inch, 

/3 = ±5 electrical degrees which will give a circulating cur¬ 
rent of about 25 per cent of full-load current, 

T = 10 in., for which the peripheral velocity is 6000 ft. per 
minute at 60 cycles, 

fa = two cycles per second; 

^ -x 10® X 180 

then the current density = 25,000 x T x 10 3^ 4.4 X 2 

— 1640 cir. mils per ampere. 

U U U U L 
U U U U L 

—y—U—C5— ! 5 ~ 

c 


U HJ U L 


■75—y—y—y 

D 

Fio. 214,—Spacing of dampers. 


This value is pessimistic in that it neglects the resistance of the 
end connectors. 

It was pointed out above that the damping effect depends 
on the total damper section. For gas-engine alternators it is 
usual to put into the dampers about 25 per cent of the section 
of copper that is put into the stator and then^ if the damping is 
not sufficient, or if the dampers get too hot, to look for the cause 
of the trouble in the governor, flywheel or load on the system,* a 
pulsating load is equivalent as far as hunting is concerned to a 
pulsating torque in the engine. 
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One cause of damper heating must be carefully guarded 
against. If the dampers are spaced as in Fig. 214, then, when 
in position A, the flux threading between two adjacent dampers 
is large, while in position B this flux is small, so that every 
time a stator tooth is passed, the flux threading between two 
damper rods goes through one cycle and the frequency of the 
current which the induced e.m.f. sends round the closed circuit 
— the number of stator slots X the revolutions per second. 
This current is not a damping current and is liable to cause 
excessive heating and, to prevent the flux pulsation which pro¬ 
duces it, the distance between damper rods should be a multiple 
of the stator slot pitch, as shown at C. 

216. Synchronous Motors for Power-factor Correction.—Con¬ 
sider a synchronous motor running with constant load and 



power-factor correction, power-factor correction. 

constant applied voltage. If the field excitation of the motor be 
increased, its back e.m.f. tends to increase, but this cannot increase 
much because the applied voltage is constant; so that a demagnet¬ 
izing current must flow in the motor armature to counteract the 
effect of the increased field excitation; this current must be 
wattless because the load is constant and to be demagnetizing 
it must lag the back generated e.m.f. of the motor and, there¬ 
fore, lead the applied e.m.f. of the generator. 

If, on the other hand, the field excitation of the motor be 
decreased, its back e.m.f. tends to diminish and a wattless and 
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magnetizing current must flow in the motor armature; to be 
magnetizing this current must lead the back generated e.m.f. 
of the motor and, therefore, lag the applied e.m.f. of the generator. 

The size of motor required for a given power-factor correction 
may be found from a diagram such as Kg. 215 where E is the 
voltage of the power station I, the total station current per 
phase, lags E hy d deg., and the power factor is 70 per cent. 

To raise the power factor of this station to 100 per cent, 
the synchronous motor must draw a leading current = ab and 

the motor input must be = ” ^ motor is 


running light and the efficiency is 100 per cent. 

It may be seen from Kg. 215 that to raise the power factor 
of the system from 

70 to 80 per cent requires a wattless current ac per phase, 

70 to 90 per cent requires a wattless current oe per phase, 

70 to 95 per cent requires a wattless current af per phase, 

70 to 100 per cent requires a wattless current ab per phase. 

The improvement in power factor from 95 to 100 per cent is, 
therefore, obtained at a considerable cost. 

When synchronous motors are used for power-factor correction 
it is advisable to arrange that some of the load on the system 
is carried by these machines; for example, if ab. Kg. 216, is 
the wattless current per phase required for power-factor correc¬ 
tion, then in order to carry a mechanical load of the same value 
in k.v.a. the rating of the motor would not be doubled but 
increased by only 41 per cent; or for the case shown by triangle 
abd, with an increase in current of 12 per cent over the value 
required for the mechanical load a power-factor correction effect 
of 50 per cent may be obtained. 

216. Design of Synchronous Motors.—Diagram A, Fig. 217, 
shows some of the saturation curves of an alternator taken at 
constant current and varying power factor. If this machine 
were used as a synchronous motor then 

for the maximum power-factor correction effect the power 
factor of the motor would be zero and the excitation = of ; 
for zero power-factor correction effect the power factor of the 
motor would be 100 per cent and the excitation = og; 
for 80 per cent load and 60 per cent power-factor correction 
effect the excitation would be = oh. 
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Synchronous motors are generally high-speed machines and 
have, therefore, few poles, so that, as pointed out in Art. 189, 
page 259, they will be troubled with field heating if designed in the 
same way as synchronous generators, because for power-factor 
correction work they are operated with large excitation. 



B 

Fig. 217.—Saturation curves of an alternator. 

Since the flywheel effect of a synchronous motor is generally 
small, no extra flywheel being supplied, its natural frequency 
of vibration will generally be comparatively high an^the machine 
therefore liable to be set in violent oscillation by some of the 
forced frequencies on the system; for that reason synchronous 
motors are generally supplied with dampers. 

217. Self-starting Synchronous Motors.—These are polyphase 
machines which are used for motor generator sets and for driving 
apparatus which requires a small starting torque, when a special 
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starting motor is not desired. They are built exactly like gas- 
engine alternators and consist of a standard synchronous motor 
supplied with a squirrel-cage winding on the poles. The method 
whereby this squirrel cage is calculated so as to meet the required 
starting conditions will be understood after a study of the induc¬ 
tion motor; the following points of. importance, however, must 
be noted here: 

Polyphase currents in the armature winding produce a revolv¬ 
ing field which tends to pull the squirrel cage round with it. In 
order that e.m.fs. may be induced in the squirrel cage by the 
revolving field the fiux must enter the poles; therefore the poles 
should ^ laminated and, during the starting period, the field 
coils should be open-circuited. 



Fig, 218.—Effect of the pole arc on the air-gap reluctance. 


The pole enclosure must be such that the air-gap under the 
pole has a constant reluctance for all positions of the pole relative 
to the armature. If the pole were made as shown in Fig. 218, 
then in position A the air-gap reluctance would be a minimum 
and in position B would be a maximum; in such a case the 
machine would lock in position A and would require a large 
force to move it out of this locking position. 

In Art. 272 on the induction motor, it is shown that if the rotor 
slot pitch is a multiple of that of the stator, locking will take 
place due to the leakage fields, and that in order to prevent this 
locking, the rotor slot pitch must differ from that of the stator. 
It was pointed out in Art. 214 that to prevent useless circulating 
currents, the rotor slot pitch should be a multiple of that of the 
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stator, so that a compromise must be made and the rods spaced 
as shown in diagram D, Fig. 214, where L, the rotor tooth, is 
made equal to the stator slot pitch, for which value it will be 
found that the air-gap reluctance under a rotor tooth, which is 
proportional to a + b, is constant in all positions of the rotor. 

Since the frequency of the flux which, due to the revolving 
field, passes through the poles, is very high at starting, being equal 
to the frequency of the applied e.m.f., there will be high voltages 
generated in the field coils because the number of turns per 
coil is large, so that for self-starting synchronous motors the 
excitation voltage should be as low as possible so as to keep down 
the number of turns per pole and the field coils must be better 
insulated than for ordinary synchronous machines; in the case 
of machines with a large total flux it is sometimes advisable to 
supply a break-up switch which will open up the field circuit 
in several places at starting so that the starting e.m.fs. in the 
different poles will not add up. When the motor is nearly up 
to speed, the field circuit is closed and a small excitation applied 
which tends to bring the motor into synchronism and insures 
that it comes into step with the proper polarity. 



CHAPTER XXIV 
A.-C. INDUCTION MOTORS 
ELEMENTARY THEORY OF OPERATION 

218. The Revolving Field.—P, Fig. 219, shows the essential 
parts of a two-pole, two-phase induction motor. The stator or 
stationary part carries two windings M and N spaced 90 electrical 
degrees apart. These windings are connected to a two-ph^ 
alternator and the currents which flow at any instant in the coils 
M and V are given by the curves in diagram Q; at instant A, for 
example, the current in phase 1 = -t-Z™ while that in phase 
2 = zero. 

The wmdings of each phase are marked S and F at the termi¬ 
nals and these letters stand for start and finish , respectively; 
a -f current is one that goes in at S, and a - current one that 
goes in at F. 

The resultant magnetic field produced by the windings M 
and N at instants A, B, C and D is shown in diagram R from 
which it may be seen that, although the windings are stationary, 
a revolving field is produced which is of constant strength and 
which moves through the distance of two pole pitches while the 
current in one phase passes through one cycle. 

To reverse the direction of rotation of this field it is necessary 
to reverse the connections of one phase. 

P, Fig. 220, shows the winding for a two-pole, three-phase 
motor; M, N and Q, the windings of the three phases, are spaced 
120 electrical degrees apart. These windings are connected to 
a three-phase alternator and the currents which flow at any 
instant in the coils M, N and Q are given by the curves in diagram 
R. 

The resultant magnetic field that is produced by the windings 
at instants A, B, C and D is shown in diagram S from which it 
may be seen that, just as in the case of the two-phase machine, 
a revolving field is produced which is of constant strength and 
which moves through the distance of two pole pitches while the 
current in one phase passes through one cycle. 
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To reverse the direction of rotation of this field it is necessary 
to interchange the connections of two of the phases; for example, 
to connect phase 2 of the motor to phase 3 of the alternator and 
phase 3 of the motor to phase 2 of the alternator. 






Fig. 2i 19.—The revolving field of a two-pole, two-phase, induction motor- 


219. Multipolar Motors.—Figure 221 shows the winding for a 
four-pole, two-phase motor and also the resultant magnetic field 
at the instants A and B, Fig. 219. The field moves through the 
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In general the field moves through the distance of two pole 
2 

pitches or through - of a revolution while the current in one 

phase passes through one cycle; therefore, the speed of the 
2 

revolving field ~ revolutions per second, 

120 X f 

= —-—- revolutions per minute. (42) 

This is called the synchronous speed. 



Fig. 221.—The revolving field of a four-pole, two-phase, induction motor. 


220. Induction Motor Windings.—The conditions to be fulfilled 
by these windings are that the phases should be wound alike, 
should have the same number of turns, and should be spaced 90 
electrical degrees apart in the case of a two-phase winding and 
120 electrical degrees apart in the case of a three-phase winding. 

The above are the conditions that have to be fulfilled by 
alternator windings so that the diagrams developed in Chap. 
XIV apply to induction motors as well as to alternators. 
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Figure 223 shows an actual stator with its windings arranged in 
phase bdlts. The ends of the coils are bent back so that the 
rotating part of the machine, called the rotor, can readily be 
put in position. 

The type of rotor which is in most general use is shown in 
Fig. 224 and is called the squirrel-cage tsrpe. It consists of an 
iron core slotted to carry the rotor bars; these bars are jointed 
together at the ends so as to form a closed winding. Various 



IKasraxnmatic Representation of a 4 Pole S Phase 
Induction Motor 
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Fig. 222.—The revolving field of a four-pole, three-phase, induction motor. 

methods are used to join the bars to the end rings; in some of the 
earlier designs a bolted connection was made between bar and 
ring using a spring washer to maintain a suitable pressure 
between bar and ring. In later designs these joints are usually 
welded; in some designs both end rings and rotor bars are made 
by using molten metal—either aluminum or copper—and casting 
it into the slots and forming the end rings with the same metal 
in the same operation. 
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It is customary, also, to vary the specific resistance of the 
material of the bars and end rings, using a material with low 
specific resistance, such as copper, where a high torque at stand¬ 
still is not required, and a material with a relatively higher 
specific resistance, such as brass, when a high torque at standstill 
is required. 



Fio. 223.—Stator of an induction motor. 


221. Rotor Voltage and Current at Standstill.—The actions 
and reactions of the stator and rotor will be taken up later; it is 
necessary, however, to point out here that, since the applied 
voltage per phase is constant, the back voltage per phase must be 
approximately constant at all loads. This back voltage is 
produced by the revolvina field; therefore^ the actions and reac- 
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tions of the stator and rotor must be such as to keep the revolving 
field approximately constant at all loads. 

Let the revolving field be represented by a revolving north 
and south pole as shown in diagram A, Fig. 225, and then for 
convenience let this figure be split at xy and opened out on to a 
plane; the result wiH be diagram J?, of which a plan is shown in 
diagram D. 

The distribution of flux on the rotor surface due to the revolv¬ 
ing field is given by the curve in diagram £ at a certain instant. 
The field is moving in the direction of the arrow; it therefore 



Fig. 224.—Squirrel-cage rotor. 


cuts the rotor bars and generates in them, e.m.fs. which are 
shown in magnitude at the same instant in diagram Z>. Since 
the rotor circuit is closed, these e.m.fs. will cause currents to 
flow in the rotor bars. 

The frequency of the e.m.fs. in the rotor bars at standstill 
- P X s yn. r.p.m. 


120 


cycles per second = the frequency of the 


stator applied e.m.f., so that the frequency of the rotor currents 
is high, and the reactance of the rotor, which is proportional to 
this frequency, is large compared with its resistance; the rot*^ 
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current therefore lags considerably behind the rotor voltage as 
shown by the curve in diagram D and also by crosses and dots in 
diagram C. The value of this curent at standstill 
_ rotor voltage at standstill 
~ rotof impedance at standstill’ 
and this is usually 5.5 about times the full-load rotor current. 


N 



Fig. 225.—Production of torque in an induction motor. 

222. Starting Torque.—As shown in diagrams C and D the 
rotor bars are carrying current and are in a magnetic field so that 
a force is exerted tending to move them; this force when multiplied 
by the radius of the rotor gives the torque. The relative torque 
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at different points on the rotor surface is given by the curve in 
diagram D, which is got by multiplying the value of flux density 
at different points on the rotor surface by the value of the current 
in the rotor bar at these points. It may be seen from this curve, 
and also from diagram C, that at some points on the rotor sur¬ 
face the torque is in one direction and at other points is in the 
opposite direction so that the resultant torque is quite small. 
As a rule the starting torque of a squirrel-cage motor is about 1.5 
times full-load torque when the rotor current is about 5.5 times 



•npt: •• K" lun-iHi. ■ 


Ro. 226.—Wound rotor type of induction motor. 


the full-load rotor current. Diagram C shows that the resultant 
torque is in such a direction as to tend to make the rotor follow 
up the revolving field. 

The starting torque can be increased for a given current if that 
current be brought more in phase with the voltage; this can read¬ 
ily be seen from the curves in Fig. 225. The angle of lag of the 
rotor current can be decreased by increasing the rotor resistance, 
and sufficient resistance is generally put in the rotor circuit to 
bring the current down to its full-load value; the nnglft of lag is 
then so small that full-load torque is developed. 
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When a motor is ru nnin g under load, a large rotor resistance 
is undesirable because it causes large loss, low eflBciency and 
excessive heating. To get over this difiSculty the wound rotor 
motor was developed. This type of motor has the same kind 
of a stator as that used for the squirrel-cage machine, but its 
rotor is as shown in Fig. 226; the rotor bars are connected 
together to form a winding, but this winding is not closed on itself 
as in the squirrel-cage machine; it is left open at three points 
which are connected to three slip rings, and the winding is 
closed outside of the machine through resistances which can be 
adjusted. The winding is finally short-circuited at the slip 
rings when the motor is up to speed. In this way it is possible 



Fig. 227.—Characteristics of a 25-hp., 440-volt, three-phase, 60-fyrle, 120U-syn. 
r.p.m. induction motor. 

to have the advantage of high rotor resistance for starting and 
low rotor resistance when the motor is running at full speed. 

223. Running Conditions.—It was pointed out in the last arti¬ 
cle that the resultant torque is in such a direction as to make 
the rotor follow up the revolving field. When the motor is not 
carrying any load, the rotor will revolve at practically synchro¬ 
nous speed, that is, at the speed of the revolving field. If the 
motor is then loaded, it will slow down and slip through the revolv¬ 
ing field, the rotor bars will cut lines of force, the e.m.fs. generated 
in these bars will cause currents to flow in them and a torque will 
be produced. The rotor will slow up until the point is reached 
at which the torque developed by the rotor is equal to the torque 
exerted by the load. 
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The ratio 


syn. r.p.m. — r.p.nii. of rotor 
syn. r.p.m. 


is called the per cent 


dip and is represented by the symbol s; its value at full load is 
generally about 4 per cent. 

As the load is increased, the rotor drops in speed and the slip, 
rotor current, frequency and lag of rotor current all increase. 
The torque developed by the rotor tends to increase due to the 
increase in rotor current and to decrease due to the increase in 
current lag. Up to a certain point, called the break-down point 
or poipt of maximum torque, the effect of the current is greater 
that of the current lag; beyond that point the effect of the 
current lag is the greater, so that after the break-down point is 
passed, the torque actually decreases even although the current 
is increasing. 

The relation between speed, torque, and current is shown in 
Pig. 227 for a 25-hp., 440-volt, three-phase, 60-cycle, 1200-s3ti. 
r.p.m. induction motor. 

224. Vector Diagram at No Load.—^At no load a motor runs 
at almost synchronous speed so that the slip, rotor voltage and 
rotor current may be taken equal to zero for all practical purposes. 

Consider the winding SiFi of one phase of the stator as shown 
in Fig. 219 or 220. The voltage Ei applied to this phase causes 
a current I o, called the magnetizing current, to flow in the winding. 
This current, along with the magnetizing currents in the other 
phases, produces a revolving field <t>/ of constant strength. 

While the revolving field is of constant strength, the flux 
<l>g which threads the winding SiFi is an alternating flux and 
is a maximum and — when the magnetizing current in the 
winding SiFi is a maximum; this can be ascertained by exami¬ 
nation of diagram R, Fig. 219, and of diagram S, Pig. 220, so that 
the flux which threads the winding SiFi is in phase with the 
magnetizing current It in that winding. 

The alternating flux generates an alternating e.m.f. Eit 
called the back e.m.f. in the winding SiFi, and this voltage lags 
the flux <l>i by 90 deg. To overcome this back e.m.f. the applied 
e.m,f. must have a component which is equal and opposite to 
Eu at every instant; the other component of the applied e.m.f. 
must be large enough to send a current Ij through the impedance 
of the winding. 

In Fig. 228 



A.-C. INDUCTION MOTORS 


3^ 


Zo is the magnetizing current in one phase, 
is the flux per pole threading that phase, 

Ejj, is the back e.mi. in that phase of the stator and lags <l>g 
which produces it by 90 deg., 

En is the component of the applied e.m.f. which is equal and 
opposite to Eib, 

loZiis the component of the applied e.m.f. which is required to 
send the current Zo through the stator impedance Zi, 

El is the applied voltage per phase and is the resultant of Eu 
and ZoZi. 



Fia. 228. —No-load vector diagram. Fia. 229.—^\''ector diagram 

ut full-load. 


226. Vector Diagram at Full Load.—At full load the speed of 
the rotor = r.p.m .2 = (1 — s)r.p.m.i, and the speed of the 
revolving field relative to the rotor surface = s(r.p.m.i), so that 
the frequency of the e.m.f. which is generated in the rotor winding 

by the revolving field = = sji. 

The flux <l>g threads the rotor coils and generates in each phase 
of the rotor winding a voltage E 2 which lags <l>a by 90 deg. This 

voltage causes a current h = - 7 ^^ flow in the closed rotor circuit; 

//2 

3X2 

1 2 lags the voltage E 2 by an angle whose tangent = 
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where Z 2 is the rotor impedance at full load, 

X 2 is the rotor reactance per phase at standstill, 

R 2 is the rotor resistance per phase, 

5 , the per cent slip, is approximately = 4 per cent. 

With this value of s the angle of lag of the rotor current at full 
load seldom exceeds 20 deg. 

In Fig. 229 

Jo is the magnetizing current, which has the same value as in 
Fig. 228, 

<j)g is the flux per pole threading one phase of both rotor and 
stator windings, 

Eib is the back e.m.f. of the stator, 

E 2 is the e.m.f. generated in one phase of the rotor by flux (pg, 
1 2 is the current in that phase. 

Ell is the component of the applied e.m.f. which is equal and 
opposite to Fib. 

Now El, the applied voltage, is constant and is the resultant 
of Fii and hZi; this latter quantity is comparatively small even 
at full load, so that it may be assumed that En has the same 
value at full load as at no load and therefore Eib, which is equal 
and opposite to En and 4)g which produces Eit, are approximately 
constant at all loads, so that the resultant magnetizing effect 
of the stator and rotor currents must be equal to the magnetizing 
effect o'f the current Jo. The stator current may therefore be 
divided into two components, one of which In has a m.m.f, 
equal and opposite to that of the rotor current 1 2 ; the other 
component of stator current must be Jo, because this is the neces¬ 
sary condition for a constant value of 4>g and of Eiu] therefore, 
in Fig. 229, Ju is a component of primary current whose m.m.f. 
is equal and opposite to that of J2. 

1 1 is the primary current and is the resultant of 1 2 and Ju. 

El is the applied voltage and is the resultant of En and IiZ^ 



CHAPTER XXV 


GRAPHICAL TREATMENT OF THE INDUCTION 
MOTOR 

226. Current Relations in Rotor and Stator.—It is shown in 
Art. 225 that the ni.ni.f. of the rotor opposes that of the stator, 
and that the resultant ni.m.f., namely, that of the magnetiz¬ 
ing current, is just sufficient to produce the constant revolving 
field <l>f. 

Figure 230 shows the position of the windings of one phase of 
both rotor and stator, and also the direction of the currents in 
these windings, at the instant that the rotor and stator m.m.fs. are 



Fig. 230.—The magnetic fields in an induction motor. 

directly opposing one another. As the rotor revolves relative 
to the stator there will be positions on either side of that shown 
in Fig. 230, in which the rotor and stator m.m.fs. do not quite 
oppose one another; two such positions are shown in Fig. 231; 
this overlapping of the phases is called the belt effect and is dis¬ 
cussed more fully in Chap. XXIX. 

Due to the revolving field 0/ an alternating flux threads 
one phase of both rotor and stator windings. It is shown in Fig. 
230 that, in addition to the flux <l>„ which crosses the air-gap, 
there is a leakage flux which links the stator coils but does 
not cross the air-gap; <l>u is proportional to the current Ii which 
produces it. There is also a leakage flux 4>ii which links the rotor 
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coils but does not cross the air-gap; is proportional to the 
current h which produces it. 

227. The Stator and Rotor Revolving Fields. 

Ufi = the frequency of the stator current, 
s = the per cent slip, 
r.p.in.i = the synchronous speed, 

then / 2 , the frequency of the rotor current = (see Art. 225) 
and (1 — s)r.p.m.i = the rotor speed. 

The stator current acting alone produces a field which revolves 
at synchronous speed, namely r.p.m.i; the rotor current acting 
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Fia. 231.—Overlapping of the phases. 


X 

X 


alone produces a field which revolves at a speed of ^(r.p.m.i) 
relative to the rotor surface, or at s(r.p.m.i) + (1 — s)r.p.m.i = 
r.p.m.i relative to the stator surface; that is, the two fields revolve 
at the same speed in space and so can be represented on the 
same diagram. 

228. The Voltage and Current Diagram.—^Figure 234 shows 
the voltage and current relations in an induction motor. 

El = the voltage per phase applied to the stator windings, 

/i = the stator current per phase, and lags Ei by 6 deg.; the 
locus of 7i is a circle. 

229. The Flux Diagram.—Consider the stator current acting 
alone; then in Fig, 232: 
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<l>i == the flux per pole threading one phase of the stator and, as 
pointed out in Art. 224, page 326, is in phase with 7i, 

4,a = the stator leakage flux per phase per pole (see Fig. 230), 
ipig = that part of which crosses the gap and threads one 
phase of the rotor = »i^i. 

Consider the rotor current h acting alone; then 
^2 s the flux per pole threading one phase of the rotor, 

<f>ti = the rotor leakage flux per phase per pole, 

<j>tg — that part of <t>t which crosses the gap and threads one 
phase of the stator = V 3 <l> 2 . 

Under load conditions, when both h and It are acting, 

<l>u = the actual flux per pole threading one phase of the stator, 
^tr = the actual flux per pole threading one phase of the rotor, 
= the actual flux per pole in the gap between rotor and stator, 
Ejj, s the stator e.m.f. per phase generated by 4>u and consists 
of two components: 

Eig generated by the flux (j>a, 

Eu = IiXi, generated by the flux <l>u; 

Eta =* the rotor e.m.f. per phase generated by 4>a- This e.m.f. 
sends a current h through the rotor winding which pro¬ 
duces the leakage flux <l>ti and generates the e.m.f. 

Eu = ItXt in that winding. 

Eta, therefore, consists of two components, namely, 

Etr to overcome the resistance per phase, and a voltage 
equal and opposite to Ett to overcome the reactance per 
phase. 

Since Etr is in phase with It and therefore with <l>i, the angle 
aoh = angle oab = 90 deg. 

The applied voltage must be equal and opposite to Ev, if the 
stator resistance per phase and therefore the voltage IiRi is 
sufl&ciently small to be neglected. Since Ei is constant, therefore 
Fi*, and the flux <i>u which produces Eit, must be constant in 
magnitude. 

230. Geometrical Proof of the Circle Law.—In Fig. 232 draw 
dk perpendicular to /d so as to cut the line of produced at fc. 

In triangles ao& and/dA;, 

angle ooi> = angle fdh = 90 deg. 
angle oba — angle dfk] 

fk^fd^ fd ^ fd 
ob ab ac—cb ok—eb 


therefore. 
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and 


fk = 


ob X /d 
oh — cb 


^ («i X of)(vi X 0 ^) ^ 

0A(1 — ViVi) 

^ of (»lVi) J 

1 — rit>s 

= a constant, since vi, V 2 and of are all 
constant. 

Since fk is constant and angle fdk is an angle of 90 deg., the 
locus of d, or of ^i, is a circle whose center is on the line ok and 
whose diameter = fk. 

If the magnetic circuit be not saturated, and this is the case 
at the actual flux densities due to 4>u and <t>ir, the actual fluxes 



in the machine, then Fig. 232 may be transformed into Fig. 233, 
which is a m.m.f. and voltage diagram, by making nfiicJi pro¬ 
portional to and riibiCili proportional to <j> 2 . 

Figure 233 may be transformed into a voltage and current diar 
gram as shown in Fig. 234, and in this form, with a slight modi¬ 
fication, it is generally used. 

231. Special Cases.—1. The motor is running without load 
and, therefore, at synchronous speed, so that the rotor e.m.f. 
and the rotor current are zero. Under these conditions Fig. 234 
becomes Fig. 235. 

2. The motor is at standstill and the rotor resistance is assumed 
to be zero. Under these conditions Figs. 232 and 234 give Fig. 
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237. Since Bs is zero, therefore Esr and tftir are both zero, and 
Esg must be equal and opposite to Eu and therefore equal to 
liXs. 

Now Eji = Eig + Ell, 

= Eie + IiXi, 




J Elg 

and ^ 

JiiQ 


biCi 

baCi 


since they are produced by the same flux <f>a; 


therefore Ei = 


= hXa X 


\b^ij 


+ hXi, 
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The value of h m this ease is la, the maximuin current, Fig. 234. 

232. Representation of the Losses on the Circle Diagram.— 
The losses in an induction motor are: 


Constant losses 


Variable losses 


Mechanical losses—windage and friction loss. 
Iron or core loss—^hysteresis and eddy-current 
loss. 

Stator copper loss. 

Rotor copper loss. 

Load losses. 




■*« 

Fig. 235. 





lo 

Fio. 236. 

No-load conditions. 


Constant Losses.—As a motor is loaded, the rotor drops in 
speed, and the slip and therefore the frequency of the flux in the 
rotor core increase. Due to the drop in speed, the windage and 
friction loss decrease, and due to the increase in frequency of the 
rotor flux, the iron loss in the rotor core increases, so that it is 
reasonable to assume that the sum of these two losses is constant 
at all speeds. 

To overcome the constant loss, a stator current Iwo is required, 
in phase with the applied voltage and of such a value that niEJwo 
= the constant loss in watts. To take account of this in the 
circle diagram the no-load conditions have to be changed from 
those of Fig. 235 to those of Fig. 236. 

Variable Losses.—These are niPiRi and nJ[SR 2 , 

In Fig. 234 the stator current = /i and the corresponding rotor 

current = I 2 = hi X - X 

. V 2 n20se2 
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The Rotor Copper Loss.—^This loss = »27*s Ri watts, 

= ”>'■4 X 

= I*n X a constant. 

Now 7*11= «* + p*(Fig. 234), 

= a:* + x(d — x), 

= xD; where D is a constant. 

Therefore the rotor loss = a;(a constant). 

To allow for the rotor loss on the circle diagram take any 
stator current 7i, find the corresponding rotor current 1 2 and 
the rotor copper loss in watts; set up from the base line 

old a current 7™ as shown in Fig. 234, in phase with Ei, such 



Fig. 237.—Conditions at standstill with zero rotor and stator resistanci*. 


that UiEiIrw = the rotor copper loss in watts. Draw a straight 
line through lo and The vertical distance from the base to 
this line is proportional to x and is a measure of the rotor loss. 

The Stator Copper Loss.—This loss = nJ-iRi watts. Pi is 
assumed to be = Po + the error due to this assumption 
is comparatively small. The part of the copper loss niP'^Jii is 
added to the constant losses; the other part niPuRi is propor¬ 
tional to X just as in the case of the rotor loss. 

To allow for the stator loss on the circle diagram take any 
stator current h) find the corresponding stator copper loss iiiPiRi 
in watts; set up from the line /m, Fig. 234, a current Jaw in phase 
with such that rtiEJato = the stator copper loss in watts. 
Draw a straight line through Jo and Jaw. 
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Load Losses.—These consist of various eddy-current losses 
which cannot be accurately predetermined and which are made 
as small as possible by careful design; they are usually allowed for 
by increasing the variable losses by a certain percentage found 
from tests on similar machines. 

233. Relation between Rotor Loss and Slip.—Let the curve in 
Fig. 238 represent the distribution of the actual rotor revolving 
fi^d corresponding to the alternating flux <t>ir, Fig. 232. 

The e.m.f. generated in a rotor conductor by this flux 
= 2.22 <j>rfi 10~® volts, 

= 2.22 (Brm^Lc^ (s/i)10“® volts, 

and is in phase with the dux density. 



Fio. 238.—Torque on a rotor conductor. 


It is shown in Fig. 232 that /2 is in phase with the voltage Fj, 
so that the loss per conductor 
= EiT X I2 watts, 

= 2.22 Brm^LcSfil 2 l 0 ~^ watts. 

Since I 2 is in phase with Ezr, it is also in phase with the flux 
density so that the average force on a rotor conductor 

= X Le dynes, where Br and Lc are in 

centimeter units, 

and the work done by this conductor in ergs is therefore 

= Br^ff X X Lc X conductor velocity in centimeters per 
second, 
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iO ^ (rotor diameter X revolutions per second), 

= XprX 

■s/2 10 ‘p 

or in watts 

= ^ ^ X L. X T X (1 - s)/i X 2 X 10-^. 

- rotor loss 5 

Therefore, —:- 1 —i = 

rotor output 

rotor input_1 


1 — s 


and 


rotor output 1 — s 

_ synchronous speed 
” actual speed 

234. The Final Form of the Circle Diagram.—^Figure 239 shows 
the form in which the circle diagram is generally used. 



For a stator current Zi = oc = full-load current, 
gc = the power component of the primary current, 
fg = that part of gc required to overcome the constant losses, 
ef == that part of gc required to overcome the stator copper loss, 
de = that part of gc required to overcome the rotor copper loss, 
cd = that part of gc required to overcome the mechanical load, 


CO 

- - = the power factor, 
oc 

-- = the efficiency, 

eg 


^ _ rotor output _ actual speed 

ce rotor input synchronous speed 

de rotor loss . 

— = ;- 7 = s = per cent shp, 

ce rotor mput 


the horsepower output = 


niEi(dc) 

746 ’ 
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J- X m niEiidc) ,, 33,000 ,, , , ,, 

the corresponding torque, T = —^ 2 i rr p i n ^ 

radius. 

At synchronous speed this same torque would produce 
rX27rr.p.m.i- 

33,000 

= ^P-; this is called the 

Synchronous Horsepower due to full-load torque. 

At standstill the synchronous horsepower due to the starting 

, niEiClm) the rotor copper loss in watts 

torque = ^ - 

The maximum horsepower output of the motor 
_ nijEi (maximum value of dc) 

746 

The maximum torque is that which gives a synchronous horse¬ 


power = 


UiEi (maximum value of ce) 
746 


The use of this circle diagram is shown by an example which is 
worked out fully in the next chapter. 



CHAPTER XXVI 

CONSTRUCTION OF THE CIRCLE DIAGRAM FROM TESTS 


The no-load saturation and the short-circuit tests are those 
that are usually made on an induction motor , in order to de¬ 
termine its characteristics. 

236. The No-load Saturation Cuire.—The figures necessary 
for the construction of this curve are got by running the motor at 
normal frequency and without load. Starting at 50 per cent 
above normal voltage, the voltage is gradually reduced until the 
motor begins to drop in speed, and simultaneous readings are 
taken of voltage, current and total watts input. 

The results of such a test on a 75-hp., 440-volt, three-phase, 
60-cycle, eight-pole, Y-connected motor are given below. 


No-ik)ao Satuhation 


Eg 

Terminal volts 

It 

Line current 

p 

Watts input 

555 

35 

2940 

520 

31.4 

2650 

482 

28.0 

2350 

438 

24.5 

2100 

390 

21.4 

I860 

347 

18.4 

1650 

294 

15.4 

1450 

254 

13.5 

1300 

205 

11.4 

1150 

162 

9.6 

1060 

111 

8.1 

960 


In Fig. 240: 

The relation between Et and h is shown in curve 1. 

The relation between Et and P is shown in curve 2. 

The straight line, curve 3, shows the relation between Et and 
that part of the exciting cmrent which is required to send the 
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magnetic flux across the air-gap; this curve is calculated by 
the method explained in Chap. XXVIII. 

At normal voltage the exciting current is 26 amperes; the 
magnetizing current required to send the magnetic flux across 

26 

the air-gap is 22.5 amperes and the ratio = 1.11 = Ko, 
which is called the iron factor, or saturation factor. 



Fig. 240.—No load saturation on a 76-lip. 440-volt, three-phnso, 60-ryclc, 000- 
r.p.m. syn. speed, 8-pole induction motor. 

Curve 1 is not tangent to curve 3 because, in addition to the 
true magnetizing current, the exciting current contains the power 
component Iv,o which is required to overcome the losses P. 
luo is quite large at low voltages; for example, at 111 volts, 
la =8.1 amperes 
P = 960 watts 
T 960 

= 1 73 X 111 ~ 

= "v/s.l* — 4.97® = 6.43 amperes = the true mag¬ 
netizing current. The difference between /<, and I. is com¬ 
paratively small at normal voltage; for example, at 440 volts, 
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7« = 25.0 amperes 

P = 2120 watts 

, . 2120 

7*1^0 == i 7 73 ~ ^ 44 Q = 2.78 amperes 

lo — — 2.78^ = 24.8 amperes. 

P contains the windage and friction loss, the core loss, and 
the small stator copper loss due to the current /«. If curve 2 
be produced so as to cut the axis as shown, then the watts loss 
at zero voltage = 800 watts must be the windage and friction loss, 
since the flux, and therefore the core loss, is zero and the stator 
copper loss can be neglected. 

236. The Short-circuit Curve.—^This curve shows the relation 
between stator voltage and current, the rotor being at stand¬ 
still. The data necessary for its construction are obtained 
by blocking the rotor so that it cannot revolve, and applying 
voltage to the stator windings at normal frequency; the rotor 
is sometimes held by means of a prony brake so that readings 
of starting torque may also be taken. The applied voltage is 
gradually raised from zero to a value that will send about twice 
full-load current through the motor, and simultaneous readings 
are taken of voltage, current, total watts input and torque. 

The results of such a test on a 75-hp. motor on which the fore¬ 
going saturation test was made are given below: 

Short-circoit 
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so that theoretically the relation between andin the table on 
page 341 should be represented by a straight line. The actual 


Iwsc 



Fig. 241.—^Locked saturation on a 75-hp., 440-volt, three-phase, 60-cycIe, 900- 
r.p.m. syn. speed, 8-pole induction motor. 


relation is shown in curve 4, Fig. 241; the curve gradually bends 
away from the straight line due to the gradual saturation of the 
iron part of the leakage path. 

The watts input on short-circuit =1.73 jE?«/«,«; it is also = 
Jclac^, because it is all expended in copper loss, and since Et is 
proportional to lac, (see curve 4), therefore Ivtac also is propor¬ 
tional to lac and the relation is plotted, for the tests in the table 
on page 341, in curve 5. 
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In Art. 234, it was shown that the starting torque is propor¬ 
tional to n*J*sJJ 2 , the rotor copper loss, where h is the rotor cur¬ 
rent on short-circuit, and since It is proportional to which is 

proportional to Et, therefore 


is proportional to 


I„ and the relation'is plotted, for the tests in the table on page 
341, in curve 6. 

Curves 4, 5 and 6 are produced as shown, so that the probable 
values at normal voltage of !«, !«« and ^^7 be deter¬ 

mined; at 440 volts I,t ~ 445 amperes. !«« = 180 amperes. 
Torque in pound-feet _ , ^ 

Volts • 



Fig. 242.—Circle diagram for a 75-hp. 440-volt, three-phase, 60-cycle, 900-r.p,m. 
syn. speed, 8-pole induction motor. 


Torque in pounds at 1-ft. radius = 1.6 X 440 = 705. 

Torque in synchronous horsepower = 

705 X 27r X 900 _ 
33,000 

237, Construction of the Circle Diagram.—The results 
obtained from the curves in Figs. 240 and 241 are to be used in 
order to construct the circle diagram, Fig. 242, from which the 
characteristics of the motor will be determined. 

1. Locate the short-circuit point. With o as center and 
radius I^c — 445 amperes describe the arc of a circle; of the total 
current /«c the power component Iwsc = 180 amperes. These 
two values of current give Z, the short-circuit point. 

2. Locate the no-load point. At 440 volts the exciting current 
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= le = 25 amperes and the value of P at the same voltage == 
2120 watts, so that the power component of the exciting current 


2120 

1.73 X 440 


2.78 amperes. These two values of current 


give the point the no-load point, 

3. Draw the circle. The circle must pass through the two 
points I and le and must have its center on the constant loss line. 

4. Find the stator and rotor copper losses. Of the total copper 
loss represented by Ip, the part mp represents the stator copper 
loss, and is determined as follows: The resistance of the stator 
winding from terminal to neutral, measured by direct current = 
0.080 ohm, so that the stator copper loss on short-circuit = 
4452 X 0.080 X 3 = 47,000 watts, and the corresponding power 

component of current = f 73 ^ 440 ~ 61.74 amperes — mp. 


For any stator current oc 

the constant loss — pn X 1,73 X 440 watts, 
the stator copper loss = /e X 1.73 X 440 watts, 
the rotor copper loss = de X 1.73 X 440 watts, 
the mechanical output = cd X 1.73 X 440 watts. 

These values are aU to be measured from the point c on the 
circle, vertically to the straight lines d, e, f and g. 

238. To Find the Characteristics at Full Load.—The full load 
= 75 hp. and the value of cd corresponding to this output = 
75 X 746 

173 X 44 0 ” amperes; the point c on the circle is then found 
to suit and the following values scaled off: 
ce = 77.5 amperes, 
eg = 82.4 amperes, 
oc = 91.0 amperes, 

cd 73 3 

from which the efficiency = — = —^ = 89.0 per cent, 

eg 0^.4 

the power factor = ^ = = 90.5 per cent, 

oc 91 r > 

,, v de 4.17 

the shp — “ — = 5.37 per cent. 

The actual speed = synchronous speed — slip = 900(1 — 
0.0537) = 900 X 0.9463 = 852 r.p.m. 

The maximum value of cd = 149 amperes so that the maximum 

horsepower = ^ ^ ^ = 152. 
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The maximum value of ce = 197 amperes so that the maximum 

197 X 1 73 X 440 

torque in synchronous horsepower = --- = 202 

= about 2.7 times full-load torque. 

The value of mZ = 116 amperes so that the starting torque 

116 X 1.73 X 440 ^ ^ 

m synchronous horsepower =-“ 119 or about 


1.59 times full-load torque, which checks closely with the value 
found by brake readings. 

In plotting test results it is advisable to plot line current and 
terminal volts rather than current per phase and voltage per 
phase, because then the diagram becomes independent of the 
connection, since three-phase power = 1.73 EJi for either Y- or 
A-connection, and two-phase power = 2EtIi for either star or 
ring connection. 



CHAPTEE XXVII 

CONSTRirCTION OF EDUCTION MOTORS 

239. Figure 243 shows the type of constructiou that is generally 
adopted for motors up to 200 hp. at 600 r.p.m. The particular 
machine shown is a squirrel-cage motor. 

240. The Stator.—E, the stator core, is built up of laminations 
of sheet steel 0.014 in. thick which are separated from one 




Fig. 243,—Small squirrel-cage induction motor. 


another by layers of varnish and have slots E punched on their 
inner periphery to carry the stator coils D. 

Two kinds of slot are in general use and both are shown in 
Pig. 244. The partially closed slot is used for all rotors and has 
the advantage that it causes only a small reduction in the air- 
gap area; the open slot is generally used for stators because the 
stator coils are subject to comparatively high voltages, and the 
open-slot construction allows the coils to be fully insulated 
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before they are put into the machine; it also allows the coils to 
be easily and quickly repaired in case of break-down. 




Fig, 246. —Parts of an Allis Chalmers Bullock squirrel-cage induction motor 


The core is built up with ventilating segments spaced about 
3 in. apart; one segment is shown at F, Fig. 243, and in greater 
detail in Fig. 244, and consists of a light brass casting which 
is riveted to the adjacent lamination of the core; the lamination 
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for this purpose is usually made of 0.025-m. steel. The lamina^ 
tions are clamped tightly between two cast-iron end heads C, 
and in order to prevent the core from spreading out on the inner 
periphery, tooth supports 0, of strong brass, are often placed 
between the end heads and the core. 

The stator yoke A carries the^stator core and the bearing hous¬ 
ings N, When the motor has to be mounted on a wall, or on a 
ceiling, the housings N must be rotated through 90 or 180 deg., 
respectively; this is necessary because ring oiling is always used 
for motor bearings, and the oil well L must always be below the 
shaft. The bearing housings help to stiffen the whole machine 
and allow the use of a fairly light yoke. The shape of the hous¬ 
ings, as may be seen from Fig. 245, is such that it is a simple 
matter to close the openings between the arms with perforated 
sheet metal so as to form a semi-enclosed motors or all the openings 
in the machine with sheet metal so as to form a totally enclosed 
motor. 

241. The Rotor.—The rotor core also is built up of laminations 
of sheet steel, which are usually 0.025 in. thick; the use of such 
thick sheets is permissible because the frequency of the magnetic 
flux in the rotor is low and the rotor core loss is small. 

The core with its vent ducts is clamped between two end 
heads and mounted on a spider if, Fig. 243. In the case of 
squirrel-cage rotors the depth of the rotor slot is usually so small 
that a tooth support is not required. 

The rotor bars are carried in partially closed slots and are 
connected together at the ends by rings P called end connectors; 
these rings are usually supported on fan blades which are carried 
by the end heads. 

The shaft M is extra stiff because the clearance between the 
stator and rotor is very small, and the bearings H are extra 
large so as to give a reasonably long life to the wearing surface. 

The whole machine is carried on slide rails Q, which are rigidly 
fixed to the foundation, and by sliding the motor along the rails 
the belt may be tightened or slackened. Slide rails are not used 
for geared or direct connected motors. 

242. Large Motors.—Figure 246 shows the type of construc¬ 
tion for large motors. Pedestal bearings are used, so that the 
yoke has to be extra stiff in order to be self-supporting. The 
stator coils are tied to a wooden coil support ring R, which is 
carried by brackets attached to the end heads; coil supports 
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should be used even on small motors if the coils are flimsy and 
liable to move due to vibration. 

Both squirrel-cage and wound-rotor constructions are ^own 
in Fig. 246, and it may be seen that the same spider 17 can be 
used in either case; the two rotors differ in the number and »ze 



Fig. 246—Large induction motor; both squirrel-cage and wound-rotor 

construction shown. 


of slots and in the shape of the end head. <S is a band of steel 
wire used to bind down the rotor coils of the wound-rotor machine 
on to the coil support T which is carried by the end heads; this 
coil support acts as a fan and helps to keep the machine cool. 
When the rotor diameter is greater than 30 in., the rotor core is 
generally built up of segments which are carried by dovetails on 
the rotor spider. 


CHAPTER XXVIII 

MAGNETIZING CURRENT AND NO-LOAD LOSSES 

243. The E.M.F. Equation.—The revolving field generates 
e.in.fs. in the stator windings which are equal and opposite to 
those applied; therefore, as shown in Art. 140, page 185, 

E = 2.22 cos | volts, 

where jB = the voltage per phase, 

4 = the distribution factor from the table on page 184, 
Z * the conductors in series per phase, 

= the fiux per pole of the revolving field, 

/ = the frequency of the applied e.m.f., 
d = span of stator coils in electrical degrees, 

so that, if the winding of an induction motor and also its operating 
voltage and frequency are known, the value of the revolving 
field can be found from the above equation. 

244. The Magnetizing Current;—Diagram A, Fig. 247, shows 
an end view of part of the stator of a three-phase induction motor 
which has twelve slots per pole. The starts of the windings of 
the three phases are spaced 120 electrical degrees apart and are 
marked Si, Si and Ss. 

Diagram B shows the value of the current in each phase at 
any instant. 

Diagram C shows the direction of the current in each conductor 
at the instant F and the corresponding distribution of m.m.f. 

Diagram D shows the direction of the current in each con¬ 
ductor at the instant G and the corresponding distribution 
of m.m.f. 

It will be seen that the revolving field is not quite constant in 
value but varies between the two limits shown in diagrams C 
and D. The average m.m.f., ATm, is found as follows: 
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ATav X 12X = area of curve in diagram C 
= 4.0 6I„X X 

3.5 bl„ X 2X 
3.0 bl„ X 2X 

2.5 X 2X 
2.0 bl„ X 2X 
1.0 X 2X 


28 5J„X 



Fio. 347.—The revolving field. 
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Also AT„ X 12\ = area of curve in diagram D 
= 4.0 X 0.866 X 5X 
3.0 X 0.866 bin, X 2X 
2.0 X 0.866 hl„ X 2X 
1.0 X 0.866 bl„ X 2X 


27.7 bln^y^ 

Therefore, taJdng the mean of these two values, 

ATav X 12X = 27.85't/^X 
and AT„ = 2.32 bim, 

• . 2.32 X X 1, X VM, 

since there are 12 slots per pole, 

= 0.273 ^conductors per pole X cos 

The value of ATav can be found in a similar way for any 
number of slots per pole and for both two- and three-phase 
windings and varies slightly from the above figure for different 
cases, but in general the value of ATav used for all polyphase 

windings — 0.273 ^conductors per pole X cos 

The relation between the flux per pole and the magnetizing 
current per phase is found from the formula 

. oc^AT av rLg 

4>C = 3 . 2 —^ 

= 0.87 ^conductors per pole X cos 


or Jo- - -X X hC, (44) 

0.87 ^conductors per pole X cos | j ^ 

where lo = the magnetizing current per phase (effective value), 
(l>a = the flux per pole of the revolving field, 
r = the pole pitch in inches, 

Lg = the axial length of air-gap in inches and is used 
instead of Lc because, on account of the small air- 
gap, there is little fringing into the vent ducts, 

5 = the air-gap clearance in inches 

C = the Carter coefficient (see Fig. 45, p. 47), 

6 = span in electrical degrees. 

To allow for the m.m.f. required to send the flux through the 
iron part of the magnetic circuit, the value of current found from 
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the last formula has to be multiplied by a factor which is found 
from the results of similar machines that have already been 
tested; where no such information is available the factor is taken 
as 1.15. 

246. No-load Losses.—^These losses are similar to and are 
figured out in the same way as the no-load losses in a D.-C. 
machine. 


Bearing Friction Loss = watts, 

where d = the bearing diameter in inches, 

I = the bearing length in inches, 

Vb = the rubbing velocity of the bearing in feet per minute. 
Brush Friction.—This loss is found only in wound-rotor motors; 


Vr 

it is very small, and = 1.25^^^ 




where A is the total brush rubbing surface in square inches, 

Vr is the rubbing velocity in feet per minute. 

Windage Loss.—This loss cannot readily be separated out from 
the bearing friction loss so that its value is not known; it is 
generally so small that it can be neglected. 

The Iron Loss.—The iron loss in the induction motor is made 
up of several parts each due to a different cause, as follows: 

a. Loss in the core and te^^th due to the fundamental line 
frequency. The frequency m the stator is the line frequency, 
and the frequency in the rotv^r is the rotor slip times the line 
frequency. This last is usually very low, and not calculated 
unless the rotor is of the wound-rotor type, and will operate for 
long periods at speeds much below' normal speed. 

b. Loss in the surface of the teeth in the air-gap. 

This loss is caused by the variation in air-gap density under 
the tooth and under the slot opening. The frequency is very 
high (1000 to 1500 cycles per second) and the volume affected 
is a thin layer of the tooth face.^ 

As shown by Spooner and Kinnard this loss may be calculated 
as follows: 

Ws = 0.69 X Knag X Kft X X X r X D X L,, (44a) 

where Wa = surface loss in watts, 

Ksag = a factor depending on magnetic density, 

Kft = a factor depending on frequency, 


^ See Spooner and Kinnard, Trans. A. I. E. E., February, 1924. 
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j, ^ .. slot width, 

= a factor depending on ratio, ^ 

^ air-gap 

= a factor depending on slot pitch, 

= internal stator diameter in inches, 

= frame length in inches. 

The values of Ksaaj Kfty Kq and K\ may be taken from Fig. 

248. 


D 

Lc 


ABC 



c. Tooth pulsation loss. The frequency is high. The volume 
affected is the tooth volume and is caused by the variation in tooth 
density when two teeth are opposite each other and when one tooth 
is opposite a slot.^ 

Other losses which cannot be separated from the above very 
easily are: 

Losses due to filing the slots (usually very small unless too 
much filing is done). 

^ See Spooner, Trans, A. I. E. E., February, 1924 , 
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Losses due to stray fluxes in end plat^ and end bells. (These 
are not, as a rule, of much importance in the usual construction 
where these parts do not come too close to the windings.) 

Losses due to non-uniform flux distribution in the core. (This 
is not usually a large loss and can be neglected in most cases.) 

The line frequency loss is found by using curves for the iron 
used at the line frequency. The volume considered is the stator 
core and stator teeth. 

The surface loss is flgured for both stator and rotor after the 
curves fovmd by Mr. Spooner, A. I. E. E., February, 1924, and 
quoted above. This loss is usually very small wl^en the opposing 



B 

Fig. 249.—Flux pulsation in the rotor teeth. 

members have partially closed slots, but is an important part 
of the losses when the slots are open. 

Figure 249 indicates the nature and cause of the tooth pulsa¬ 
tion loss mentioned in c above. In diagram A of Fig. 249, it is 
obvious that the flux passing through tooth x is greater than 
through tooth y\ the reluctance of the magnetic circuit at a: is a 
minimum, and at 2 / a maximum. Hence, there is a pulsation 
of the magnetic densities in both rotor teeth and stator teeth 
of a frequency equal to the number of teeth in rotor or.stator 
times the revolutions per second. 

246. Rotor Slot Design.—^To make the pulsation loss a mini¬ 
mum, the reluctance of the air-gap under each tooth should 
remain constant. This can be accomplished by the use of totally 
closed slots for both rotor and stator; even partially closed slots 
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will give approximately this result if the slits at the top of the 
slots be made narrow. 

When open slots are used in the stator, the size of rotor tooth, 
which makes the pulsation loss a minimum, is found in the follow¬ 
ing way: The rotor slot is made partially closed and the rotor 
tooth is made equal to the stator slot pitch as shown in B, Fig. 
249, where it wiU be seen that the pulsation of flux in a rotor 

W01++S per Pound (Curve b) 



Fia. 250.—Curve of iron loss for use in induction-motor design. 


tooth is zero because the area of air-gap under a rotor tooth 
= a + 6 = a constant. The pulsation of flux in the stator teeth 
is small because the rotor slots are almost closed and the fringing 
makes them equivalent to totally closed slots so far as pulsation 
is concerned. 

247. Calculation of the Iron Loss.—The loss in the stator core 
and teeth due to the line frequency is similar to that in a trans- 
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former, except that, due to the strains in the teeth and core from 
punching the small sections, the loss is approximately 75 per 
cent greater than the same iron used in a transformer. 

Figure 260 shows the iron loss curve for 60 cycles, and for 
other frequencies the loss can be taken as proportional to the 
1.3 power of the frequency. 

The surface losses can be calculated as indicated above. 

The tooth pulsation losses can be calculated as shown in Mr. 
Spooner*s article in the A. I. E, E. Journal, February, 1924, or 
these losses can be avoided by using the proportions as given 
in Art. 246. 

248. Calculation of Magnetizing Current, Iron Losses and 
Bearing Friction.—^Assume a 75-hp. 440-volt, three-phase, 60- 
cycle, 900-r.p.m. sjmchronous-speed, 8-pole induction motor of 
the following dimensions; calculate magnetizing current and 
losses. 


External diameter. 

Internal diameter. 

Frame length. 

Vent ducts. 

Gross iron. 

Net iron. 

Slots, number. 

Slots, size. 

Conductors per slot, number 

Conductors per slot, size. 

Coil pitch—in slots 1 X 10.., 


Statob 
25 in. 

19. im 
6.375 in. 

1 X H in. 
6 in. 

5.4 in. 


Kotob 
18.934 in. 
15.5 in. 
6.375 in. 

1 X in. 
6 in. 

5.4 in. 


96 79 

0.32 X 1.55 in. 0.45 X 0.4 in. 
12 1 
0.091 X 0.204 in. 0.4 X 0.35 in. 
67.5 electrical 
degrees 


Connection. YY squirrel cage 

Air-gap clearance. 0.033 in. 

A stator and a rotor slot are shown to scale in Fig. 254. 


440 


Voltage per phase (since connection is Y) is = 254, 


Flux per pole, (Art. 243) is found as follows, 

£ = 2.22*2/.^, cos 110->, 

254 = 2.22 X 0,»58 X ( ^ ^ 2 ^ ) X 60 X X 0.924 X lO"*, 

from which <t>a = JL.115 X 10®. 

Cl, the stator Carter coefficient, is found as follows: 

- - 9.7, /(from Art. 48) = 0.35, Ci = +' 0.32 X 0.35 “ 

C 2 , the rotor Carter coefficient, is found as follows: 

^ - 2 . 1 ,/ (Art. 48) = 0.72, C, = 0.68 + 0.07 X 0.72 “ 
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The pole pitch = ^ = 7.48 in. 

< . 

The magnetizing current «-^--X 

0.87^conductors per pole X cos g j ^ ^ 

^ “ 0.87 X (6 X 12 X 0.924) ^ “7.48 X 6 ^ ^ ^ 

=s 22.2 amperes for air-gap alone; this has to be increased by 15 per cent 
to allow for the iron part of the magnetic circuit. Therefore, the mag¬ 
netizing current 

« 22.2 X 1.15 = 26.5 amperes. 


The Flux Densities.—Figure 251 shows the flux distribution in a 
four-pole induction motor. 

The average stator tooth density = t— 

® tooth area per pole 



Fig. 251.—Flux distribution in a four-pole induction motor. 


the maximum tooth density, namely, that at point A 

= average tooth density xZ = x ”• 

2 tooth arSh per pole 2 

The tooth area per pole taken one-third of the slot depth fi'om 

the air-gap = teeth per pole X tooth width X net iron. 

= 12 X 0.335 X 5.6 = 22.6 sq. in. 

The maximum tooth density = xZ — 77.500 lines 

22.0 2 


per square inch. 

The volume of the stator teeth = 1.55 X 22.6 X 8 
= 280 cu. in., or a weight of 73 lb. 

The loss per pound from curve 250 is 6 watts, which gives a 
stator tooth loss of 365 watts. 
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The core area = core depth X net iron, 

= 1.45 X 5.6 = 8.1 sq. in. 

The maximum core density at B, Fig. 251, 

= = 69,000 lines per square inch. 

2 X core area 2 X 8.1 ’ “m 

The volume of the stator core = area X mean circumference, 

= 8.1 X v X 23.55 = 600 eu. in. or a weight of 156 lb. 

The loss per pound from curve 250 is 4 watts, which gives a 

stator core loss of 624 watts. 

The surface losses as calculated from Art. 245 = 

W. = O.QQKaag X Kft X Kg XKxX -^DL 

In this case ^ 1 “ 


96 X 2 


X 60 = 1440 


0:32 ^ 

® 0.033 

X = 0.622 

W, = 0.69 X 0.56 X 0.6 X 9 X 0.88 X t X 19 X 6 = 660 

watts- 

The face of the rotor tooth is 0.672 inch wide, and the stator 
pitch is 0.622 inch. These are nearly the same, and the rotor 
face is wider than the stator pitch, which are favorable conditions 
in regard to tooth pulsation losses. In this case, none of these 
losses will be assumed. 

The total iron loss is then: 

Stator teeth. 365 watts. 

Stator core. 624 watts. 

Surface loss. 650 watts. 

Tooth pulsation. 0 

Total iron losses. 1639 watts. 

Friction and Windage, 

Size of bearings = 3 X 9 in. 

The loss in each bearing = 0,8ldl watts. 

Vb = the rubbing velocity which, at 900 r.p.m., is 700 ft. per 
minute. 

The loss in two bearings = 2 X 0.81 X 3 X 9 X (7)^^ = 810 
watts. 








CHAPTER XXIX 
LEAKAGE REACTANCE 

249. Necessity for an Accurate Formula.—To calculate the 
reactance voltage of the cofls undergoing commutation in a 
D.-C. machine an approximate formula is used. A more accurate 
formula is of little extra value because commutation depends on 
so many other things such as brush contacts, shape of pole tips, 
etc., about the effect of which comparatively little is known. 

In the case of an alternator 20 per cent error in the calcula¬ 
tion of the armature reactance has comparatively little effect 
on the value of the regulation determined by calculation since 
the reactance drop is only a part of the total voltage drop, the 
remainder being due principally to armature reaction. 

In the case of an induction motor, however, the ma x im um 
current h, and therefore the starting torque and the overload 
capacity, depend entirely on the leakage reactance, as shown in 
formula (43), page 334, so that it is necessary to develop a 
formula which will give this reactance accurately. 

260. The Leakage Fields.—The leakage in an induction motor 
consists of the end connection and the slot leakage, which are 
also found in alternators, and the leakage Fig. 252, which 
links the conductors and passes zigzag along the air-gap. 

Except for the end-connection leakage these fluxes have no 
separate existence but form part of the total flux in the machine; 
since, however, the magnetic circuit of an induction motor 
is not saturated, their effect may be considered separately. 

261. Reactance Formula.—If 

<l>e = the lines of force that circle 1 in. length of the belt of end 
connections for each ampere conductor in that belt, 

<!>, = the lines of force that cross the slots and circle 1 in. length 
of the phase belt of conductors for each ampere conductor 
in that belt, 

4>i = the lines of force that zigzag along the air-gap and circle 
1 in. length of the phase belt of conductors for each ampere 
conductor in that belt, 
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then, just as in the case of the alternator, the stator reactance per 
phase in ohms 

= 25r/6®c*^cos (^* + for a double-layer 

winding; 

because of its lower reactance the double-layer winding is almost 
universally used for induction-motor work. 




Fig, 252.—The leakage fields, 

262. Zigzag Reactance.^—Figure 252 shows part of the winding 
of one phase of the stator and the corresponding part of the 
rotor winding of a three-phase induction motor. It was shown 
in Art. 226, page 329, that the m.m.f. of the rotor is opposed to 
and practically equal to that of the stator, so that the direction 
of the currents in the conductors is as shown by the crosses and 
dots at the bottom of the slots, and a peculiar magnetic circuit 
is produced of which the electrical equivalent is shown in diagram 
A, Fig. 252. 

The m.m.f. between e and / = hci ampere-turns, therefore the 
flux along one path 

Kz 

where Rz is proportional to the reluctance of one of the zigzag 
paths. 

In order to find Rz it is assumed for simplicity that there are 
the same number of stator as of rotor slots so that \i = Xo = X, 
also that 

h = the width of the stator tooth and its magnetic fringe, 
h = the width of the rotor tooth and its magnetic fringe, 

1 Adams, Trans, A. I. E. E., Vol. 24, p. 327. 
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so that — = Cl, the Carter coefficient for the stator, 

n 

V = C 2 , the Carter coefficient for the -rotor, 


'ji (Fig. 253) = |+ a:-^ = m+a;, 



Fig. 253.—Zigzag leakage. 


This value varies over the range of half a slot pitch between a 
maximum when x is zero and zero when » = ^ ^ = m 


and the average value of 


B, 


2 r®, (m^ - x^) 

XJ * 2cmd ' 

V 

X\3 ^ 2c5 J 


ALg /tj _ 8l\* 
6c5X\2 2/ ' 


Ia. 

6c5X 


(^2 — X + ^l)^ 



LEAKAGE REACTANCE 


363 


— 1 - 1 - 

-^Vx"^ + xj’ 

= :^/l4.1_ A* 

6c«VCi (?j )' 

Therefore, the leakage flux along one path R, 

and 4>* the lines per ampere conductor per 1-in. length of stator 
or rotor 

since half the lines link the stator coils and the other half link 
the rotor coils. 

253. Final Formula for Reactance.—^For double-layer windings 
the stator reactance per phase 

= 2x/ibi*C:^^cos + (^. + 

the rotor reactance per phase 


= 2irfjb2^i 


' 02^^008 p 


4 >J^e 


+ (<#>« + 


]i0-s 

jio-s 


the maximum current per phase 

_ j _ volts per phase, 


“\ 62^2 / 


712 


E 

Xea 


vhere Xeg is the equivalent reactance per phase and 




\Lo + 


- W.w(co.|)’n.[^;+(^+^^)4].0-, (4« 


vhere 


<t>B + 0a 
nip 


= -^r3.2('^ 

«iCip[ y3s 


^ 2da I 

Xi/1 


w/ 


+ 

1 


\n 
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and = -J_r 3 . 2 /^ + -^ + 

rhp naCspL \^3s s s +10 wj 



The end-connection reactance in formula (45) is the equivalent 
reactance of both rotor and sftator. For squirrel-cage motors 
the end-connection reactance of the rotor may be neglected and 

the curve for in Fig. 256 used directly. For wound-rotor 
w 

motors, on the other hand, it might seem at first that this value 
should be doubled, but it must be remembered that the m.m.fs. 
of rotor and stator are opposing and the leakage flux has to get 
through the space V, Fig. 246, between the two layers of wind¬ 
ings, so that the closer together these windings are the more 
restricted is the space V and the smaller the leakage flux; for 

ordinary motors it is satisfactory to use the value for in 

n 

Fig. 256 and increase it by 35 per cent. 

Example of Calculation.—Find the maximum current Id 
for the following machine. 

Rating.—75 hp., 440 volts, three phase, 60 cycle, 900 syn. 
r.p.m. The construction of the machine is as follows: 


External diameter. 

Statob 

25 in. 

Rotob 

18.034 in. 

Internal diameter. 

19 in. 

15.5 in. 

Frame length. 

6.375 in. 

6.375 in. 

Vent ducts. 

1 X in. 

1 X % in. 

Gross iron. 

6 in. 

0 in. 

Slots, number. 

96 

79 

Slots, size. 

0.32 in. X 1.55 in. 

0.45 in. X 0.4 in. 

Conductors per slot, number. 

12 

1 

Conductors per slot, size.... 

0.091 in. X 0.204 in. 

0.4 in. X 0.35 in. 

Connection. 

YY 

Squirrel cage 

Coil pitch. 

Winding. 

Air-gap clearance. 

67.5® 

Double layer 

0.033 in. 


A stator and a rotor slot are shown to scale in Fig. 264. 
The calculation is carried out in the following way: 
pole pitch — 7.6 in. 


= 43 (from Kg. 266). 
Xi = 0.622. 

Cl <= 1.61. 

C, = 1.03. 
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= i.raa/'—-uM\ J. ft9«0-®22/1 , 1 An 

niP SeL^'^U X 0.32 0.32/ ^'^0.03 (.1.6 "*■ 1.03 */ J’ 


^[7.2 4- 2.1] for the stator. 


Xj = 0.76. 

4>a + 4>t 


.UiP 


=; Ms g/ 0-^ , 2 X Q.07 0.03\ , 

791 ■ \3 X 0.45 0.45 + 0.07 0.07/ 


= ^[3-2 + 2.6] for the rotor. 


.y.j - 2 X X X 60 X 6* X 4 = X 8 » X 0.924* X 3|^^ + 


— 0.56 ohm. 



Fio. 254.—Stator and rotor slot for a 75-hp., 900-syn. r.p.m. induction motor. 


The voltage per phase = = 254, since the connection is Y. 

1. / o 

If the stator and rotor resistances were zero, the current at 

254 

standstill, often called the ideal locked current, would be q 

= 455 amperes. When the stator and rotor resistances are 
added vectorially to X, the locked current will be decreased 
slightly below 455. 
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264. Belt Leakage.’—In addition to the end connection, slot 
and zigzag leakage, there is another which enters into the react¬ 
ance formula for a wound-rotor motor, namely, the belt leakage. 

In developing the .formula on page 363 it was assumed that 
the m.mi. of the rotor was equal and opposite to that of the 
stator at every instant. This cannot be the case in a wound- 


Si I Sa Sa I Sa 






Fia. 255 .—Belt leakage in three-phase machmes. 


rotor machine because, as shown in Fig. 231, the winding is 
arranged in phase belts and the stator and rotor belts sometimes 
overlap one another. 

When the stator and rotor are in the relative position shown in 
diagram A, Fig. 255, the currents in the stator phase belts are 
exactly opposed by those in the rotor phase belts. The starts 
of the windings of the three phases are spaced 120 electrical 
degrees apart, and it may be seen from diagram A that the cur¬ 
rents in the three stator belts Si, and Ss, and also in the three 

^ Adams, Trans, of International Electrical Congress, 1904, Vol. 1, p- 











LEAKAGE REACTANCE 


367 


rotor belts Ri, R 2 and £3 are out of phase with one another 
by 60 deg.; they are represented by vectors in diagram B. 

When the stator and rotor are in the relative position shown 
in diagram C, the currents in the belts have the phase relation 
shown in diagram D. 

Part of diagram C is shown to a large scale in diagram E, 
where it may be seen that belt R 3 overlaps belt Sz by a distance 
Jqj and belt 82 by a distance gh. 

In the belt fg the current in the stator conductors is S 3 , 
diagram D, and that in the rotor conductors is Rt, of which the 
component om opposes the stator current; mn, the remaining 
part of the stator current, is not opposed by an equivalent rotor 
current and is represented by crosses in diagram E. 

In the belt gh^ the current in the stator conductors is S 2 , dia¬ 
gram jD, and that in the rotor conductors is Rz, of which the 
component ov opposes the stator current; pq, the remaining part 
of the stator current, is not opposed by an equivalent rotor cur¬ 
rent and is represented by dots in diagram E, 

The currents represented by crosses and dots in diagram E set 
up the flux 06 , which is in phase with the current in the belt 
which it links and is therefore the same in effect as a leakage 
flux; it is called the belt leakage. 06 varies through one cycle 
while the rotor moves, relative to the stator, through the dis¬ 
tance of one-phase belt, and this belt flux is the cause of the 
variation in short-circuit current with constant applied voltage 
that is found in wound-rotor motors, when the rotor is moved 
relative to the stator. 

The belt flux per ampere conductor in the phase belt and per 
inch axial length of core depends on the reluctance of the belt- 
leakage path and is directly proportional to the pole pitch, is 
inversely proportional to the air-gap clearance and to the Carter 
fringing constant, and is the greater the smaller the number of 
phases and therefore the wider the phase belt, so that the average 
value of the belt leakage that circles 1 in. length of the phase 
belt per ampere conductor in that belt, 

= a constant X - ^ 

0 X 0 

and the average belt reactance per phase which must be added 
to formula (45), page 363, in the case of wound-rotor motors 

» 2irfb^c^p^ ^cos nLglO~^^ constant X 
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In addition to varying with the number of phases, the constant 
depends on the number of slots per phase per pole because, as 
shown in diagram E^ the belt flux which links conductors a and 
b is smaller than if these conductors were concentrated in slot c. 
The value of the constant, which is found theoretically, is given 
in the following table: 


t Sloitb pbb Polb 

Two-pbasb Motors 

Thebb-phasb Motors 

6 

0.0052 X3 

0.00107X3 

12 

X 1.6 

X 1.5 

18 

X1.25 

X 1.25 

24 

X 1.16 

X 1.15 

30 

X 1.10 

XI.1 

Infinity 

X 1.0 

X 1.0 


For motors which have two-phase stators and three-phase 
rotors a mean value should be used. 

265. Approximate Values for the Leakage Reactance.—For a 
machine with a double-layer winding the equivalent reactance 
per phase 

from formula (45), page 363, where 

varies with the pole pitch as shown in Pig. 256. 

^9 3.2^ I I 2^8 , J , \.y XT_ j i 1 

IT “ ^ + T + r_i_ ~ + “ )> and since c X ft X s, the total 

n cn yds ^ s 8 w wj 

slot width per pole, is proportional to the pole pitch, therefore 
— is approximately inversely proportional to the pole pitch. 

Tlf 

^ ^ X 0.26^^^ ^ ^ ~ approximately 

constant, the maximum value being limited by humming 
as shown in Art. 271, page 387, and that being the case the 
Carter fringing constants Ci and Ci are also approximately 
constant. The number of slots per pole = ft X c is approxi¬ 
mately proportional to the pole pitch, therefore — is approxi- 

Th 

mately inversely proportional to pole pitch. 

The reactance per phase then 

= 2x/b*c*/'cos ^Xvn(JK.i + KiL,)lQr^, (47) 
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JbiG. 256.—^Leakage constants. 
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where Ki and K 2 are plotted in Fig. 256, against pole pitch, from 
the results of tests on a large number of machines with open 
stator slots, partially closed rotor slots, and double-layer wind¬ 
ings. The reason for the large value for wound-rotor motors 
compared with that for squirrel-cage machines is that in the 
former there is the additional end-connection leakage of the 
.rotor, the belt leakage, and the larger rotor-slot leakage due to' 
the deep slots required to accommodate the rotor conductors and 
insulation. 

The method whereby these constants were determined may be 
understood from the following example. 

Three machines were built as follows: 


Terminal voltage. 

Phases.. 

Cycles. 

Poles. 

Stator internal diameter. 

Pole pitch. 

Gross iron. 

Slots per pole. 

Conductors per slot. 

Coil pitch. 

Connection. 

Maximum current Id from test 


A 

B 

C 

440 

440 

440 

3 

3 

3 

60 

60 

60 

8 

8 

8 

19 in. 

19 in. 

19 in. 

7.5 in. 

7.5 in. 

7.5 in. 

4.5 in. 

6 in. 

7.75 in. 

12 

12 

12 

8 

all full pitch 

6 

8 

Y 

Y 

A 

270 

400 

575 


The results are worked up as follows: 


Voltage per phase... 
Current per phase... 
Reactance per phase 
K\ + K2Xjg .. 


254 

254 

440 

270 

400 

334 

0.94 

0.63 

1.32 

10.2 

12.2 

14.2 


These results are plotted against the values of L„ in Fig. 257 
from which it may be seen that Ki, the part which is independent 
of the frame length, = 4.2 while K 2 = 1.30; these values check 
closely with the curves in Fig. 256. 
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THE COPPER LOSSES 

266. Copper Losses in Stator Conductors. 

Let Lhi = length of one stator conductor in inches, 

Id = current per conductor, 

Ml = area of each conductor in circular mils, 
n = number of phases. 

Since copper at 75® C. has approximately 1 ohm resistance for 
each circular mil per inch length, resistance of one phase of motor 
jy _ Lbi X total number of stator conductors 
M,xn ' 

stator copper loss = PdRn = 

Pd X Lbi X total number stator conductors 

- M, - 

267. Copper Losses in Rotor Conductors.—The rotor resist¬ 
ance may be best dealt with by converting it into terms of the 
stator; this may be done by considering the motor as a trans¬ 
former and using the ratio of stator to the rotor conductors. 

The total effective conductors on the stator per phase 

0 

total stator conductors X cos ^ X k 

n ^ 

where 6 = span of stator coils in electrical degrees. 
k = distribution factor, 
n = number of phases. 

The total effective conductors on a squirrel-cage rotor is .Va; 
therefore, to convert the rotor resistance into terms of the stator 
resistance, the actual rotor resistance must be multiplied by the 
factor 

( total stator conductors X cos | X A" 

_ 

The resistance of the squirrel-cage rotor bars 
_ Lb2 XN 2 X Kb 
Mb2 
371 
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(50) 


where Ljs = length of rotor bars between rings in inches, 

JVa = number of rotor bars, 

_ _ specific re sistance of bar material 

^ specific resistance of copper 
Mm = cross-section of rotor bars in circular mils. 

The loss in the bars is, therefore, 

_ Dei X Lbi X Ni X Kb 

Mm 

Rotor 'Ring Losses.—^Figure 258 shows the distribution of 
current in part of the rotor of a squirrel-cage motor. The 
effective current in each rotor bar = lei and the maximum cur¬ 
rent = /csV^. The maximum current in the rotor rings at A, 
Fig. 258, fiagnming the current in all bars at its maximum value 

= ^ci'y^N i p — number of poles. 

2 p 



Fig. 258.—Current distribution in the rotor end connectors. 


But the current in the rotor bars is not all of this maximum value, 
but the value varies in accordance with a sine law; hence the 
maximum value of the rotor current at A, Fig. 258, 

_ lei^2 JV2^2 

2 p ^TT 

and the effective or r.m.s. value of the current at A 

^ \/2 Iet\''2N2 vx 2 ^ leiNt 

2 ^ 2p TT TTP ■ 

The resistance of one rotor ring 

xDrKr 
“ Mr ' 

where Dr = diameter of end ring in inches. 

^ _ specific resistance of ring material 
specific resistance of copper 
Mr = cross-section of ring in circular .mils. 
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The loss in the two rings, therefore, 

‘ ^ ^ 2 rDrKr 
X —IT— watts. 


-(!^y 

The toiid rotor copper loss 


Mr 


( 61 ) 


The total rotor resistance 


_ jr2 jy.a/ EbiKh . 2DrKr \ 


= N 2 ^(- 


LitKi 2DrKr\ 
MliB 2 irp^Mr j 


The total rotor resistance converted to terms of the stator 


X 


'total stator conductors X cos 2 X A:' 

Nl 


= Nr ^(I 2DrK\ 

* \MtiNi irV^Mr) 

^ ^total stator conductors X cos | X - 

The effective rotor resistance per phase converted to terms of the 


stator = Re 


A 


$ \2 

total stator conductors X cos ^ X k 


.)■ 


n 


X 


/ Lb jK b . 2DrKr\ 


In addition to the above copper losses there are eddy-current 
losses in the conductors due to the leakage flux which crosses the 
slot horizontally, as described in Art. 183, page 248. To prevent 
these losses from having a large value it is necessary to laminate 
the conductors horizontally. 

When the rotor is running at full speed the eddy-current loss 
in the rotor bars is small, because the rotor frequency is low; 
even at standstill, when the rotor frequency is the same as that 
of the stator, the edd 3 ''-current loss in the rotor bars is still low 
because the conductors are not very deep. 

Such eddy-current loss at standstill causes an increase in the 
starting torque without a sacrifice of the running efficiency, since 
the frequency is low and the eddy-current loss negligible at full¬ 
load speed. A number of patents have been take out on dif¬ 
ferent methods of exaggerating this eddy-current loss in the 
rotor, but motors built under these patents have not come into 
general use. 
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Example of Copper Loss Calculation .—A 75-hp., 440-volt, 
three-phase, 60-cycIe, 900-r.p.ia. synchronous speed, eight-pole 
induction has the following dimensions: 


External diameter. 

Internal diameter. 

Frame length. 

Slots, number. 

Slots, size. 

Conductors per slot. 

Conductors, size. 

Connection. 

Coil span. 

Area end ring. 

Diameter end ring => Dr... 
Specific resistance end ring 


SVATOB 

25 in. 

19 in. 

6.376 in. 

96 

0.32 X 1.55 in. 
12 

0.091 X 0.204 = 
2.36 X 10« c.m. 
YY 

H pitch 


Rotob 
18.934 in. 

15.5 in. 
6.375 in. 

79 

0.45 X 0.4 in. 

1 

0.4 X 0.35 = 
1.79 X 10' c.m. 
Squirrel cage 

1.595 X 10* c.m. 

17.6 in. 

8.33 X copper 


Lii = length of stator conductor, 

= 0.75 X 15 (Fig. 88) + 6.37 = 17.7 in. 
Lbi = length of rotor conductor, 

= 6.375 + 4.12 = 10.5 in. 


(Approximately 2 in. added at each end of rotor.) 
Stator resistance per phase 


17.7 X 96 X 12 
2 X 2 X 3 X 2.34 X 10' 


0.072 ohm. 


The rotor resistance per phase converted into equivalent stator 
resistance = B, (formula (52)), 

_ (96 X 6 X 0.924 X 0.958)* _ 

3 ^ 


r_ 10.5 2 X 17.5 X 8.33 ] 

[1.79 X 10' X 79 3.14 X 8* X 1.59 X lO'J’ 

== 0.142 ohm. 

The total resistance for calculating copper losses is therefore 
0.072 + 0.142 = 0.214 ohm per phase. The total copper losses 
may readily be calculated at any desired load and are equal to 
PR,,. 

For instance, the full-load current of the 75-hp. motor above 
detailed is 91 amperes; the total full-load copper loss both 
stator and rotor is, therefore, 91* X 0.214 = 1770 watts. 
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HEATING OF INDUCTION MOTORS 

258. Heating and Cooling Curves. —The losses in an electrical 
machine are transformed into heat; part of this heat is dissipated 
by the machine and the remainder, being absorbed, causes the 
temperature of the machine to increase. The temperature 
becomes stationary when the heat absorption becomes zero, 
that is, when the point is reached where the rate at which heat 
is generated in the machine is equal to the rate at which it is 
dissipated by the machine. 

The rate at which heat is dissipated by any machine depends 
on d, the difference between the temperature of the machine 



and that of the surrounding air. During the first interval after 
a machine has been started up, 6 is small; very little of the 
generated heat is dissipated; therefore a large part is absorbed 
and the temperature rises rapidly. As the temperature increases, 
that part of the heat which is dissipated increases; therefore the 
part which is absorbed decreases and the temperature rises more 
slowly. The relation between temperature rise and time is 
shown in Fig. 259. The equation to this curve is derived as 
follows: 

In a given machine let dd be the increase in temperature in the 
time dt. 
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The heat generated during this time Q X dif lb. calories 
where Q = 0.63 (kw. loss). 

The heat absorbed by the machine = W X s X lb. calories 
where W is the weight of the active part of the machine in pounds 
and s, its specific heat = 0.1 approximately. 

The heat dissipated = A(a + 61^)0 X dt lb. calories 
where A is the radiating surface of the machine; 

V is the peripheral velocity, 
a and b are constants. 

The heat generated = the heat dissipated + the heat absorbe* 
or 

Qdt = A(a + bY)ddt + WsdS, 

and the temperature rise is a maximum and = 6 m when the hee' 
absorbed is zero or when 

Qdt = .il(o + bV)6mdt. 

Therefore 


4 ((7 + bV)6mdi = j4Ca + bV)6dt + Wsdd 


and 

from which 

and 


r*-f 


Wsdd 

A(a + bV)iem - 6)’ 


Ws 


A(o + bV) 

Ws , 

log. 


(log, (6 m 

6m 


6 ) - log, dm) 


A(a + bV) 
i(A(a + bt')) 
e Ws 


dm - 6' 


Therefore 


where 


/ -.(^(cr+&V) \ 

6 = 1 — e Ws y 

T, _ Ws 

"^(0 + 67)’ 

- 

” A(a + bV)6m 
_ Wsdm 

“ Q ’ 


(53; 


or QT = Wsdm. (64) 

Therefore T is the time that would be taken to raise the tem¬ 
perature of the machine dm deg. if all the heat were absorbed. 

The cooling curve is the reciprocal of the heating curve and its 
equation is derived as follows: 
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If the temperature falls dff d^. in di sec., then 

the heat dissipated = —W X s X d6 = A(a + bV)e X di. 

Ws dB 


Therefore 

or 

and 

from which 


di = 


ii(a + 6T) e 




t=-Tlog-f> 

V m 

e = er^e T- 


(55) 


If the motor is standing still while cooling, the temperature 
drops much more slowly, as shown in Fig. 260. 

Consider the following example: An induction motor is run 
at full load and the final temperature rise = 45® C. 

The current density in the stator conductors = 480 cir. mils 
per ampere. 

The iron loss at no load and normal voltage = 1000 watts. 

The weight of iron in the stator = 115 lb. 

The iron loss per pound = 8.7 watts. 

It is required to find the time constant T, 

The resistance of a copper wire L in. long and M cir. mils 
section 


= ^ ohms. 
M 

The loss in this wire due to a current I 

= ^ watts, 


= 5.3X10"^ lb. calories per second. 

The weight of this wire = L X A/ X 2.5 X 10“^ lb. 

The specific heat of copper = 0.09. 

Since QT=Wsd„^, 

therefore X 5.3 X 10-^ X T = 

M 

L X M X 2.5 X 10”^ X 0.09 X On. 

^ Bm 2.3 X 10* _ 

and = -r -"—T- MCent, nse per 

T (circular mils per ampere)- 

second. 

In the given problem M = 480 and dm ” 45® C. 

Therefore T for the coils = 450 sec. 
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Consider now the iron loss: 

The loss per pound of iron = P watts, 

= P X 5.3 X 10~* lb. calories per 
second. 

The specific heat of iron =0.1 approximately. 

Since QT = Wsdm, 

therefore P X 5.3 X 10~* X P = 1 X 0.1 X 
$ P 

and deg. C. rise per second. 

In the given problem P = 8.7 watts per pound and = 45° C. 
Therefore T for the iron of the stator = 1000 see. 

For the value of T found for the copper, and for = 47° C., 
the relation between temperature and time is plotted in Fig. 





80 100 180 
Time In Minutes 


Fig. 260.—Heating and cooling curves. 


260, and it will be seen that the calculated curve differs consider¬ 
ably from that found from test. 

The actual temperature rise in a given time is less than that 
calculated because: 

а. It has been assumed that all the iron loss is in the stator 
whereas a portion of it which cannot readily be separated out is 
due to rotor pulsation loss- 

б. Part of the heat developed in the active part of the machine 
is conducted to and absorbed by the frame. 

c. The temperature of the copper rises more rapidly than that 
of the iron and there is a transfer of heat which tends to bring 
them to the same temperature. 

d. The thermal capacity of the insulation has been neglected. 
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529. Time to Reach the ELoal Tmnperatore.—^Due to the 
chances of error pointed out above, it is diflB.cuIt to predetermine 
the rate of increase of temperature. 

It may be seen from formula (53) that the larger the value of 
T, which is called the time constant, the Eonaller is the rate of 
increase of temperature. T is the time that would be taken to 
raise the temperature of the machine to its final value if all the 
heat were absorbed, so that the lower the copper and iron 
densities the larger the value of T and the smaller the rate of 
increase of temperature. 

Slow-speed machines have poor ventilation and therefore low 
copper densities so that for such machines the rate of increase 
of temperature is comparatively small. 

Low-frequency machines, in which the fiux density in the core 
is limited by permeability rather than by the iron loss, have the 
loss per pound of iron low and the rate of increase of temperature 
comparatively small. 

The current density in the field coils of D.-C. machines is 
usually of the order of 1200 cir. mils per ampere so that such 
coils heat up slowly. 

260. Intermittent Ratings.—Suppose that a motor is operating 
on a continuous cycle, X see. loaded and Y sec. without load; 
the final temperature will varj", during each cycle, between 
dx and 6 ^, Fig. 259, where these temperatures are such that the 
temperature increase in time X is equal to the temperature 
decrease in time Y. Under such conditions of service therefore 
dy, the highest temperature, is lower than 6 m, the maximum 
temperature which would be obtained on continuous operation 
under load. For such service, therefore, a motor may have 
higher copper and iron densities than it would have if designed 
for the same load but for continuous operation. 

261. Heating of Squirrel-cage Motors at Starting.—The loss 
in a squirrel-cage rotor at starting is very large and equals the 
full-load output of the machine X the per cent of full-load torque 
required to start the load. Thus, if a 20-hp. squirrel-cage motor 
has to develop full-load torque at starting, the rotor loss under 
these conditions must be 20 hp. This loss, in the form of heat, 
has to be absorbed by the rotor copper, and the temperature 
rises rapidly unless there is sufficient body of copper to absorb 
this heat during the starting period. 
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The stator current also is large at starting; an average squirrel- 
cage motor with normal voltage applied to the terminals develops 
about 1.5 times full-load torque and takes about 5.6 times full¬ 
load current; when started on reduced voltage it develops full¬ 
load torque with about 4,6 times full-load current, since the 
starting torque is proportional to the rotor loss and therefore 
to the square of the current. 

As shown in Art. 258, the temperature rise when the heat is all 
absorbed may be found from the following formulae. 


Degrees Centigrade rise per second 


_ 2.3 X 10^ _ 

(circular mils per amp.)® 

for copper wire 

watts per pound „ 

- :r~ -for iron 


bodies 

watts per pound 


170 


for cop¬ 


per bodies. 

An average value for the circular mils per ampere at full load is 
500, for both rotor and stator. The starting current in the motor 
for full-load torque is about 4.5 times full-load current, the 
corresponding value of circular mils per ampere is 110, and the 
temperature rise 1.9® C. per second. 

The proper weight of end connector to be used in any par¬ 
ticular case depends on the starting torque required and the 
time needed to bring the motor up to full speed. For motors 
from 5 to 100 hp., the loss per pound of end connector is generally 
taken about 1 kw. and, corresponding to this loss, the tempera¬ 
ture rise of the end connectors 
^ 1000 
170 ' 


= 6® C. per second approximately. 

262. Stator Heating.—The temperature rise of the stator of an 
induction motor is fixed in the same way as that of the armature 
of a D.-C. machine. 

For induction motors built with such a grade of iron that the 
iron loss curves are as shown in Fig. 250, the following flux densi¬ 
ties may be used for a machine whose temperature rise at normal 
load must not exceed 40° C. 


FaSQUBNCT 

60 cycles 
25 cycles 


M^imum Tooth Density in Maximum Cobb Density in 
Linbs pbb Squabb Inch Lines peb Squabe Inch 

85,000 to 95,000 65,000 to 90,000 

100,000 85,000 to 100,000 
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These figures represent standard practicse for machines with open 
stator slots and partially closed rotor slots when the rotor slot 
is designed as pointed out in Art. 246, page 355, for minimum 
pulsation loss. When both stator and rotor slots are partially 
closed, these densities may safely be increased 15 per cent. 

The end-connection heating is limited by keeping the value of 

,, ,. ampere conductors per inch , , • • t?* 

the ratio —F—-below that given in Fig. 

circular mils per ampere 

261, which curve applies to wound-rotor motors, and to squirrel- 
cage motors with less than 4 per cent slip, of the type shown in 
Figs. 243 and 246. 

263. Rotor Heating.—^At full load and normal speed the fre¬ 
quency of the flux in the rotor is very low so that comparatively 
high flux densities may be used. The rotor tooth density is not 
carried above 120,000 lines per square inch if possible, because, 
for greater values, the m.m.f. required to send the flux through 
these teeth becomes large and causes the power factor to be low; 
for the same reason the rotor core density is seldom carried above 
the point of saturation, namely about 85,000 lines per square 
inch. So far as heating is concerned the rotor core loss is so 
small that it may be neglected. 

The rotor copper loss is limited by making the ratio 

ampere conductors per inch ,, r xi. x xi. 

—^iq - - - the same for the rotor as for the 

circular mijis per ampere 

stator, and then, if the motor is of the squirrel-cage type, any 
additional rotor resistance that is required to give the necessary 
starting torque is put in the end connectors, which are easily 
cooled. 

Since the rotor ventilation is better than that of the stator, 
because it is revolving, the rotor temperature is generally lower 
than that of the stator and is not calculated. 

264. Effect of Rotor Loss on Stator Heating.—The heating of 
the rotor causes the air which blows on the stator to be hotter 
than the surrounding air. The heating curve in Fig. 261 applies 
to squirrel-cage motors with about 4 per cent slip or 4 per cent 
rotor loss, and for the type of construction shown in Figs. 243 
and 246. When greater rotor loss than this is required, as in the 
case of squirrel-cage motors for operating certain classes of 
cement machinery, then the air blowing on the stator will be 
hotter than usual and the stator temperature will be higher 
than the value got from Fig. 261. On account of this extra 
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Fig. 262. 'Motors built for the saxuo output and speed but for different 

frequencies. 
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rotor loss such high torque squirrel-eage motors are built on 
frames that are about 20 per cent larger than standard. 

265. Effect of Construction on Heating.—^Figure 262 shows the 
relative proportions of a 25-cycle and of a 60-3ycle motor of the 
same horsepower and speed and therefore with the same size 
of bearings. In the case of the 25-cycle machine, the bearing 
blocks up the air inlet, and in such a case the temperature rise 
should be figured conservatively tmtil the first machine has been 
tested and accurate data obtained. Another objection to the 
25-cycle motor is that the coils stick out a considerable distance 
from the iron of the core and there is a tendency for the cooling 
air to circulate as shown by the arrows and not to pass out of 
the machine; in such a case it may be necessary to put in a baffle, 
as indicated by the dotted line A, to deflect the air stream 
in the proper direction. 

266. Heating of Enclosed Motors.—Experiment shows that in 
the case of a totally enclosed motor the temperature rise of the 
coils and core of the machine is proportional to the total loss 
(neglecting bearing friction) and is independent of the distribu¬ 
tion of this loss, is inversely proportional to the e.xtemal radiating 
surface and depends on the peripheral velocity of the rotor. 

267. Heating of Semi-enclosed Motors.—When the openings 
in the frame of a motor are blocked up with perforated sheet 
metal the machine is said to be semi-enclosed. The perfo¬ 
rated metal acts as a baffle, prevents the free circulation of 
air through the machine, and causes the temperature to rise, on 
an average, about 25 per cent higher than it would for the same 
machine operating at the same load but as an open motor. 

The effect of enclosing a motor may be seen from the following 
table which gives the results of a series of heat runs made on a 
motor similar to that shown in Fig. 243 and constructed as 
follows: 


Internal diameter of istator. 

Frame length. 

Peripheral velocity of rotor 

Stator copper loss. 

Rotor copper loss. 

Iron loss. 

Total loss. 

External radiating surface. 


20 in. 

5.5 in. 

4730 ft. per minute. 
0.77 kw. 

0.9 kw. 

0.77 kw. 

2.44 kw. 

3260 sq. in. 
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Parts of motor 

Open 

motor 

Opening in 
housings 
closed with 
perforated 
sheet metal 
^^-in. holes on 
centers 

Openings in 
housings 
closed with 
sheet metal 

Openings in 
housings 
closed with 
sheet metal 

' 

Yoke open¬ 
ings open 

Yoke open¬ 
ings open 

Yoke open¬ 
ings closed 

Stator coils. 

18.5 

22 

46 

74 

Stator iron. 

18.5 

20 

48 

71 

Rotor conductors..... 

15 

21 

46 

71 

Rotor ring. 

14 

21 

44 

69 

Rotor iron. 

14 

20 

41 

61 

Oil in bearings. 

14 

24 

39 

57 

Outside of yoke. 



30 



The temperature rise is given in degrees Centigrade. 


The first machine of a new type that is built is generally very 
liberally designed, and the copper and iron densities are low. If 
this machine runs cool in test, it may get a higher rating than that 
for which it was originally built, and, based on the results of the 
tests on this machine, the next is designed more closely. Electrical 
design is not an exact science but is always changing to suit the 
requirements of the customer, the accumulating experience of 
the designer and the competition of other manufacturers. 








CHAPTER XXXII 

NOISE AND DEAD POINTS IN INDUCTION MOTORS 


268. Noise Due to Windage.—^Figure 263 shows the standard 
construction used for induction motors. As the rotor revolves, 
air currents are set up in the direction shown by the arrows, and 
it may be seen from diagram A that a puff of air wiU pass through 
the stator, between the stator coils, every time a rotor tooth 
comes opposite a stator tooth, so that the machine acts as a siren. 



The intensity of the note emitted depends on the peripheral 
velocity of the rotor, while its pitch or frequency 
= the number of puffs per second, 

= the number of rotor slots X revolutions per second, 
_ peripheral velocity of rotor in feet per minute 
~ 5 X rotor slot pitch in inches. ^ 

The higher the pitch of the note the more objectionable it 
becomes, and a note with a frequency greater than 1560 cycles 
per second, which is the high G of a soprano, is very objectionable 
if loud and long sustained. For a peripheral velocity of 8000 ft. 
per minute and a rotor slot pitch of 1 in., the frequency of the 
windage note is 1600 cycles per second. 

Noise due to windage can be lowered in intensity by blocking 
up the rotor vent ducts; if the motor then runs hot due to poor 
ventilation, some other method of cooling must be adopted, 
such as blowing air across the external surface of the punchings, 
or the motor may be totally enclosed and cooled by forced 
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ventilation. The intensity of the note can be greatly reduced 
by staggering the vent ducts as shoTm in Fig. 264, and since the 
air-gap clearance is large in high-speed machines, which are the 
only ones that are noisy due to windage, the ventilation of such 
machines will not be seriously affected. It should also be noted 
that for high-speed machines a large number of narrow ducts will 
give quieter operation than a smaller number of wide ducts, 
because the velocity of the air through each duct wiU be reduced. 

269. Noise Due to Pulsations of the Main Flux.—In Fig. 249 
page 355, A shows part of a machine which has a large number of 
rotor slots. The flux in a rotor tooth pulsates from a maximum, 
when the tooth is in position x, to a minimum when the tooth 
is in position y, and the frequency of this pulsation is equal to 
the number of stator teeth X revolutions per second. This 


W_L 


A B 

Fig. 265.—Variation of the force of 
magnetic attraction on the rotor tooth 
tips. 

pulsation of flux causes a noise which varies in intensity with 
the voltage. To minimize this noise the machine should be 
designed so as to have a minimum pulsation loss, the condition 
for which, as shown in Art. 246, page 355, is that the rotor tooth 
shall be equal to the stator slot pitch, and the rotor slit shall be 
narrow. The noise due to pulsation of the main flux may be 
minimized by stacking the rotor tightly. 

270, Noise Due to Vibration of the Rotor Tooth Tips.—Figure 
266 shows several of the slots of the stator and rotor of an induc¬ 
tion motor. When the rotor tips are in the position shown at A, 
there is a force of attraction between the stator tooth and the 
rotor tooth tip, while in position B this force is zero; the rotor 
tooth tip will therefore be set in vibration with a frequency equal 
to the number of stator teeth X revolutions per second. This 




Fig. 264.—Motor with staggered 
vent ducts. 
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noise cannot be minimized by making the core tight and must be 
provided against by having the root y sufficiently thick to prevent 
bending and by the use of a moderate air-gap clearance. Noise 
due to this cause is rarely found in conservatively designed 
machines; it has been found in machines which are built with a 
small air-gap so as to lower the magnetizing cmrent, and those 
built with a very thin rotor tooth tip so as to lower the reactance. 

271. Noise Due to Leakage Flux.—The principal cause of noise 
in induction motors is the variation in the reluctance of the 
zigzag leakage path. When the stator and rotor slots are in the 
relative position shown in fi, Fig. 265, the zigzag leakage flux is 
a minimum, and when in the relative position shown in A, is a 
maximum, so that there is a pulsation of flux in the tooth tips 
and two notes are emitted which have frequencies equal to the 
number of rotor slots X revolutions per second and the number 
of stator slots X revolutions per second, respectively. 

To insure that the noise thus produced will not be objection¬ 
able, it is necessary to make the variation in the zigzag leakage 
flux a minimum, and the most satisfactory way to do this is to 
make the zigzag leakage as small as possible. This leakage 
flux is directly proportional to the ampere conductors per slot and 
inversely proportional to the air-gap clearance, and it has been 
found from experience that in order to prevent excessive noise 
up to 25 per cent overload the ratio 

ampere conductors per slot at full load , ,, , j ^ ^ w 

air-gap clearance in inciies 

10® for machines with open stator and partially closed rotor slots, or 
12 X 10® for machines with partially closed slots for both stator 
and rotor. 

It is also found that, as the frequencies of the two notes pro¬ 
duced by zigzag leakage approach one another in value, the 
noise becomes more and more objectionable, and that, for even 
, , . ampere conductors per slot at full load 

lower values of the ratio - air-gap clearance inlnch ^- 

than those given above, the noise will be objectionable if the 
number of rotor slots is within 20 per cent of the number of 
stator slots- 

The cause of the noise in any given case can readily be deter¬ 
mined. Run the motor on normal voltage and no load and, 
if it is noisy, the trouble is due to windage, pulsation of the main 
field or weak rotor tooth tips; then open the circuit, and if the 
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motor is still noisy the trouble is due to windage. If the motor 
is quiet on no load but noisy when loaded, the trouble is due to 
the zigzag leakage flux. 

272. Dead Points at Starting.—^It was shown in Art. 234, page 
337, that the starting torque in ssmchronous horsepower is 
equal to the rotor loss at starting. If the rotor is not properly 
designed, this torque may not all be available. 



Distance jDOved by Rotor 

B 

Pig. 266.—Variation in the starting torque. 


In the case of a squirrel-cage motor at standstill, the applied 
voltage is low and the main flux therefore small, but the starting 
current is several times full-load current and therefore the zigzag 
leakage flux is large. This flux is a maximum when the stator 
and rotor dots have the relative position shown in di agrain A, 
Fig. 266, and a m in i mu m when they have the position shown in 
B, so that there is a tendency for the rotor to lock in position A, 
the position of minimum rductance. If the force tending to 
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rotate the rotor is less than that tending to hold the rotor locked, 
then the rotor will not start up. 

A, Fig. 266, shows several slots of a machine which has five 
stator slots for every four rotor slots, so that when the available 
torque is a minimum, every fourth rotor slot is in the locked 
position. Diagram B shows the result of a test made on this 
machine, the torque being measured by a brake for different 
positions of the rotor relative to the stator; it may be seen that 
there are five positions of minimum torque in the distance of a 
rotor slot pitch. 

In order that the variation in starting torque may be a mini¬ 
mum, it is necessary to make the number of locking points small. 
If the number of rotor slots is equal to the number of stator slots, 
then, when the starting torque is a minimum, each rotor slot 
wiU be in the locked position; if there are four rotor to every 
five stator slots, then the number of locking points will be one- 
fourth of the total number of rotor slots; if the number of rotor 
and of stator slots are prime to one another, then only one 
rotor slot can be in the locked position at any instant and the 
best conditions for starting are obtained. It has been found by 
experience that the starting torque for a squirrel-cage motor will 
be practically constant, if not more than one-sixth of the total 
number of rotor slots are in the locked position at any instant. 

Wound-rotor motors have a regular phase winding and, in 
order that this winding may be balanced, the number of rotor 
slots as well as the number of stator slots must be a multiple of 
the number of poles and of the number of phases; the ratio 
stator slots ... . stator slots per phase per pole , 

rotor slots rotor slots per phase per pole 

since the number of rotor slots per phase per pole is often three 
or four, it might be expected that such machines would not have 
good starting torque because of dead points. This is not the case 
however because, at starting, wound-rotor motors have a large 
resistance in the rotor circuit, and full-load torque tending to 
cause rotation is obtained with full-load current; therefore the 
zigzag leakage at starting is much smaller than in squirrel-cage 
machines and the force tending to cause locking is small. 

If a wound-rotor motor be taken which has not more than 30 
per cent of the rotor slots in the locking position at any instant, 
and full voltage be applied to the stator while the rotor circuit is 
open, then the main flux will have its normal value; it will be 
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found that the rotor can readily be rotated by hand, which shows 
that dead points are not, as generally stated, due to variations in 
the reluctance of the air-gap to the main field. If now this same 
motor be short-circuited at the rotor terminals, so that it is equiva¬ 
lent to a squirrel-cage motor with low rotor resistance, it will 
be found impossible in most cases to get the motor to start up 
even without load, because of the locking effect of the leakage 
flux. If resistance be inserted in the rotor circuit, it will be 
found that, as the rotor resistance increases, the variation in the 
starting torque becomes less and less, and that when this resist¬ 
ance is such that full-load torque is developed with normal volt¬ 
age and full-load current, the variation in starting torque due 
to leakage flux is so small that it can be neglected. 

Dead points can be very greatly minimized by skewing the 
rotor slots. This method of construction is almost universally 
used in modern induction motors. The effect of this skewing is 
to prevent magnetic locking along the whole length of a slot— 
when the construction is such as to get magnetic locking—but 
at only one point along the length of the slot. The amount of 
skewing is usually one slot. This does not prevent the magnetic 
locking but distributes its effect so that it is greatly minimized. 
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273. The Output Equation. 

E = 2.22ib-Z<^a/10“® cos | volts (see p. 350), 


= 2.22 hZ(BgrEg)( ^- ^ I volts, 

= ^ - ZBgTDahg X r.p.m. X cos | volts, 


and q = 


nZI 

irDa 


mu . 177 rA22/cl0"8\ d']/TDaq\ 

Therefore nEI = n f— \ZBgTDal>g r.p.m. X cos ^ j , 

, 7iEI 

and hp. = cos <#> X r?, 

= 2.35 X cos (?b X r? X r.p.m. X cos | X Da'Lg, 


from which Da^Lg = 


taking k — 0.96, 

hp. _ 10^^ 

r.p.m. 


2.35 X Bgq cos <}> X cos (57) 


The value of Bg, the apparent average gap density, is limited 
by the permissible value of Bt, the maximum stator tooth density, 
since 


Bg^ B,X 


JU 

Lg 



where the iron insulation factor = ^ == 0.93, 

■Lig 

the permissible value of Bt = 85,000 lines per square inch for 

60 cycles, 

= 100,000 lines per square inch for 
25 cycles, 
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Fig. 267.—Power factor and efficiency curves for induction motors with open stator edots and partially closed rotor slots. 
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and ^ = 2.0 approximately, being slightly larger for machines of 

n 

small pole pitch. Therefore, for machines with a pole pitch 
greater than 7 in., 

Bg — 26,000 lines per square inch for 60 cycles, approximately. 

= 29,000 lines per square inch for 25 cycles, approximately. 
The Values of cos 4> and ij,—^The values that may be expected 
from a line of 60-cycle motors with open stator slots and par¬ 
tially closed rotor slots are given in Fig. 267, diagram A, and 
corresponding curves for a line of 25-cycle motors are given in 
diagram B. 



Fig. 268.—Curve to determine amphere conductors per inch o^’ periphery for 
use in preliminary design of induction motors. 


Two power factor curves a and b are given for the 60-cycle 
machines; these correspond to the two speed curves a and b. 
The power factor increases very slowly for speeds above a but 
drops very rapidly for speeds below b. 

The power factor and eflBciency can be improved by the use of 
partially closed slots for both stator and rotor. 

274. The Relation between Da and Lg.—^There is no simple 
method whereby Da^Lg can be separated into its two components 
in such a way as to give the best machine. The only satisfactory 
method is to assume different sets of values, work out the design 
roughly for each case, and pick out that which will give good 
operation at a reasonable cost. 
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To simplify this work the following equations are developed. 
lo = the magnetizing current per phase 

- - - e 

0.87 X conductors per pole X cos ^ " 

A 

C X 1.16 (Art. 244). 

0 

Assuming cos ^ = 0.92 (a fair average value), 

r __ 2.16 _V R V j! 

° conductors per pole " ’ 

taking C =1.5, an average value for machines with open 
stator slots ^nd partially closed rotor slots. 

Therefore y = the per cent magnetizing current, 

_ __ ^-16 _V R V A 

conductors per pole X / ^ " ’ 

- 2-16f X (68) 

The minimum permissible air-gap clearance is fixed by 
mechanical considerations and should increase as the diameter, 
frame length and peripheral velocity increase, its value should 
not be smaller than that given by the following empirical formula: 

8 = 0.005 + O.OOOSSDa + O.OOIL, + 0.003 F, (59) 

where 8 == the air-gap clearance in inches, 

Da = the stator internal diameter in inches, 

Lg = the gross iron in the frame length in inches, 

V = the peripheral velocity of the rotor in thousands 
of feet per minute. 

The ratio y is found as follows: 


where E — 2,22kZ<t>af cos^lO"* volts(formula(26)),page 185, 


= 2.22kZ{BgTLg)f coSglO”* volts, 

Xaq = 2^fbv(^cos^ ohms (formula 

(47)), page 368, 

= 27r/Z2^cos n 10“* ohms. 
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Therefore — = 2.22 X 0-96 BgrLg _p_ 

Therefore ^ ^ X 2r ^ nZI ^ (Ki + XtL,)’ 


Regain taking cos | => .92 and k = 




= .96^ . 


Xzrffer 


(60) 


The Value of q.—^From formulsB (57), (68) and (60) it may be 

seen that the larger the value of q the smaller the value of Da^Lg, 

the smaller the per cent magnetizing current, and the smaller the 

circle diameter and therefore the overload capacity. Since the cop- 

u 4.- j j XI. A- ampere conductors per inch, 

per heating depends on the ratio —^^- - -* 

circular mils, per ampere 

the larger the value of q, the greater the amount of copper 



Fig. 269.—Circle diagram for an average induction motor. 


required to keep the temperature rise within reasonable limits 
and therefore the deeper the slots and the larger the slot react¬ 
ance. Figure 268 gives average values of q for both 25- and 60- 
cycle induction motors and this curve may be used for a 
first approximation. 

276. Desirable Values for I© and Id.—Figure 269 shows the 
circle diagram for a reasonably good induction motor: 

The power factor at full load. 90 per cent. 

The starting torque. 1.5 times full-load torque. 

The maximum torque. 2.7 times full-load torque. 

The maximum output. 2.2 times full load. 

To obtain such characteristics, the magnetizing current should 
not exceed one-third of full-load current, nor should the maximum 
current Id be less than six times full-load current. 
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276. Example of Preliminary Design.—To simplify the work 
the necessary fonnulse are gathered together below, 
hp. .. 


= 


X 


r.p.m. 


2.35j5,g cos ^ X cos g 17 


h 

I 

h 

I 


2.16 ^ X 
q r 

0.366 X — X 

n 




Ki + K^L, 


where Da = the internal diameter of the stator in inches, 

Lg = the axial length of the gross iron in inches, 

Bg is taken as 26,000 for 60 cycles, 

29,000 for 25 cycles, 
q is found from Fig. 268, 
cos 4> and 17 are found from Fig. 267, 

§ = 0.005 + 0.00035D„ + 0.001L„ + 0.003F, 
where V = the peripheral velocity of the rotor in thousands 
of feet per minute. 

jK'i and KiLg are found by the use of the curves in Fig. 256. 

The work is carried out in tabular form as shown below, where 
the figures are given for a 75-hp., 60-cycle, 900-r.p.m. motor. 


Pbbliminary Dbsion Shbbt 
76 hp., squirrel cage, 60 cycles, 900 r.p.m. 

Bg = 26,000, q = 820, cos 0 =■ 89 per cent, 17 = 89 per cent, Da^L,, = 2180 


Da 

Lg 

r 

V 

5 

Ki + KgLg 

h 

I 

li 

I 

16 

9.5 

5.9 

3.5 

0.03 

3.7 -f 14.6 « 18.3 

0.305 

5.3 

17 

7.5 

6.7 

4.0 

0.03 

4.0 + 10 .S = 14.8 

0.32 

5.2 

19 

6.0 

7.5 

4.5 

0,031 

4.3 + 8.1 = 12.4 

0.30 


21 

5.0 

8.2 

4.9 

0.032 

4.6 + 0.4 = 10.9 

0 . 2 s 

4.7 

23 

4.0 

9.0 

6.4 

0.033 

4.7 -1- 4.8 = 9.6 

0.26 

4.35 


So far as operation is concerned the l^in. diameter machine is 
probably the best all-round machine. The 15-in. machine has 
the largest magnetizing current and therefore the lowest power 
factor while the 23-in. machine has the smallest circle diameter 
and therefore the smallest overload capacity. 

The sliop conditions must be known before the costs of the 
above machines can be intelligently compared. The cost of 
yoke, spider and housings is greatest for the 23-in machine, and 
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tile cost of assembling the cores is greatest for the 15-in. 
machine; the total cost is probably least for the 19-in. machine, 
but will not vary very much over the range of machines shown. 

277. Detailed Design.—^The work of completing the 75-hp., 
60-cyele, 900-r.p.m. design is carried out in tabular form for the 
440-volt, three-phase rating as follows: 


Statob Design 

. 

r.p.m. 

Internal diameter of stator.... 

Gross iron. 

Vent ducts. 

Net iron « 0.93 X gross iron. 

Pole pitch. 

Slots per pole. 

if chosen. 


if chosen 


Slot pitch = 
Slot width.. 


pole pitch 
slots per pole 


Ampere conductors per inch 
Ampere conductors per slot. 

Full-load current. 


Conductors per slot 


8 . 

19 in. from preliminary design. 

6 in. from preliminary design. 

1 - 0.375 in. 

5.58 in. 

7.46 in. 

12, to be suitable for two and three 
phase. 

6, the machine would be noisy 
(see Art. 271). 

18, the slots would be very narrow. 

0.622 in. 

0.311 = half the slot pitch for a first 
approximation. 

820 from preliminary^ design. 

510 — ampere conductors per inch 
X slot pitch. 

92 amperes taking cos — 0.89 and 
rj = 0.89. 

- „ _ ampe re conductors per slot 
^ full-load current 


To obtain the effective ampere conductors the actual ampere 
conductors considered in the foregoing discussion must be multi- 
0 

plied by cos where 6 is the stator chording factor; thus, the 5.55 

conductors per slot arrived at above may be increased to 6 by 
0 

using a value of cos ^ = 0.924 or a coil span of three-quarters 

full pitch. 

Connection—YY 

Y, because the current has been assumed equal to line current, 
and two circuits in parallel, because with only 6 conductors per 
slot, each conductor would be too stiff to wind easily and would 
tend to tear the insulation when being connected to the adjacent 
coils. 
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Ampere conductors per inch 
Circular mils per ampere 
Circular mils per ampere.... 

Circular mils per conductor. 


1.6 from Fig. 261. 

610 required. 

full-load current 
olO X-ft- 


= 510 X ~ « 23,400. 

Size of conductor. 0.0185 sq. in. 

Size of slot and section of conductor are worked out in tabular form thus: 
0.311 in. = assumed slot width. 

0.064 in. = width of slot insulation. 

0.04 in. = necessary clearance. 

0.207 in. = available width for copper and insulation on conductors. 
Use copper strip 0.204 in. wide insulated with double cotton covering and 
change the slot width to 0.32 for a second approximation; therefore the size 
of conductor = 0.091 X 0.204 in. 

0.091 in. = depth of each conductor. 

0.015 in. = thickness of the cotton covering. 

0.106 in. = depth of each conductor and its insulation. 

0.636 in. - depth of six conductors and their insulation. 

0.084 in. = depth of slot insulation on each coil. 

0.720 in. = depth of insulated coil. 

1.440 in. = depth of two insulated coils. 

0.1 in. = thickness of stick in top of slot. 

1.54 in. = necessary depth of slot. 

Before fixing the slot depth, the windings for all the probable ratings to 
be built on this frame should be worked out and the slot made deep enough 
for the worst. In this case a suitable slot depth is 1.55 in. 


Voltage per phase 


440 

1.73 


254, since the connection is Y. 


Flux per pole 1.116 X 10* from formula (26) page 185. 

Tooth width at one-third tooth length from air-gap = 0.335 in taking slot 
width = 0.32 in. 

QA 

Tooth area per pole = 0.335 X -g X 6.6 = 22.6 sq. in. 


Maximum tooth density 


flux per pol e t 
tooth area per pole ^ 2’ 




Had the density come out too high, it would have been necessary to have 
increased the length of the machine or decreased the slot width. 

Maximum core density » 68,000 assumed, 

__ flux per pole _ 

2 X core depth X net iron 

Core depth = 2 X 68 000 X 5 6 “ ^ 

figure and thus make external diameter = 25 in. 
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Rotob Dbsigk 

Air-^p clearance. 0.033 in. from preliminaiy design. 

External diameter. 18.934 in. 

Gross iron.6 iif. 

Vent ducts. 1 — % in.—same as stator. 

Net iron.5.58 in. = 6 X 0.93. 

Number of slots...quiet operation, Art. 

271, p. 387. 


With this number = 80 there would be 5 rotor slots for every 6 stator 
slots and the starting torque would not be uniform (see Art. 272, p. 388); 
use therefore 79 slots. 

Rotor current per conductor at full load 


Ill (Fig. 234) X 


total stator conductors 


total rotor conductors 
where In is taken equal to 0.85 X / for a first approximation, a value which 
must be checked after the data for the circle diagram has been calculated 
and the circle drawn; 

96X6 


= 0.85 X 92 X 


79 


Ampere conductors per inch 


^ 570 X 79 
jr X 19 ’ 
= 755. 


Ampere conductors per inch 
Circular mils per ampere 

Circular mils per ampere 
Size of conductor 


*= 2.2 approximately, 35 per cent higher 

than stator. 

= 342 desired. 

= 342 X 570 


= 195,000 cir. mils, 

= 0.15 sq. in. approximately. 

Size of slot must be chosen so that the flux density at the bottom of the 
rotor tooth shall not exceed 120,000 lines per square inch and the work is 
carried out as follows: 


Assumed copper section. 0.2 in. X 0.75 in. 

81ot section to allow for insulation and 

clearance. 0.25 in. X 0.8 in. 

Rotor diameter at bottom of slot. 17.134 in. 

Minimum slot pitch. 0.68 in. 

Minimum rotor tooth. 0.43 in. 

Minimum tooth area per pole. 23.7 sq. in. 

Flux per pole. 1.115X10* 

Maximum tooth density; lines per 
square inch. 74,000 


0.3 in. X0.5 in. 

0.35 in. X0.55 in. 
17.634 in. 

0.70 in. 

0.35 in. 

19.2 sq. in. 
1.115X10® 

91,000 


0.4 in. X 0.35 in 

0.45 in. X 0.4 in. 
17.934 in. 

0.72 in. 

0.27 in. 

14.9 sq. in. 
1.115X10* 

118,000 


The wider and shallower the slot, the lower is the rotor reactance so that 
the last of the three is chosen, namely, 0.45 X 0.4 in. 

A starting torque of approximately 1.5 X full-load torque is desired, so 
that the rotor loss at start will have to be 1.5 X 75 X 0.746 or 84 kw. This 
will consist of loss in both rotor bars and rotor end rings. The locked 
current will be approximately 90 per cent of the value found in Chap. XXIX 
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■with reactance only, or 0.90 X 470 = 426 amperes. TJs means that the 

84 000 

equivalent rotor resistance must be § ^ 4 2 5 “ P®r phase to give 

676 X 0.924 X 0 96 

the required starting torque. The ratio of turns is--^— = 

6.48 and the actual total resistance of bars and end rings must be 
3 X*0.156 X ■= 0.0110 ohm. 

The resistance of the bars, assuming them to be of copper, is 
_-- 0.00493 ohm since there are 1.27 X 10® cir 

TYiiy in 1 sq. in. The resistance of the rings must make up tlie difference 
or 0.00607 ohm. 

This ring resistance is cent of the total and so the loss at 

start in the rings will be 55 per cent of the total 84 kw. assumed or 46 kw. 

At 1 kw.-per pound, the weight of each ring must be 23 lb., which, with 
17.6 in. diameter gives a section of 1.3 sq. in. Substituting this in the equa¬ 
tion for ring resistance with all values known except specific resistance of 
ring material, 

p . ^irDrXKr 

« nng X-• 

n nnfin? - 79° 2^ X 17.6 X 

O.OUbUT “ ^2 X 64 ^ 1.3 X 1.27 X i0« 

Kr - 9.2 

Standard alloy of 12 per cent conductivity with a section of 1.25 sq. in. will 
be used. The design is now complete and the data should be gathered in. 
convenient form on a design sheet similar to that on page 402. 

278. Design of a Wound-rotor Machine.—It is desired to 
design a rotor of the wound type for the 75-hp., 440-volt, three- 
phase, 60-cycle, 900-r.p,m. motor of which the stator data are 
tabulated on page 402. 

The work is carried out in a similar way to that adopted for 
the squirrel-cage design. 

Air-gap clearance. 0.033 in. the same as for the sqiiirrel- 

cago motor. 

External diameter. 18.934 in. 

Gross iron. 6 in. 

Vent ducts. 1 — in. 

Net iron. 6.58 in. 

stator slots ^__ 


Number of slots. 


for quiet operation. 


80; use 72 or 9 slots per pole. 

Conductors per slot.2, assumed; this number gives the 

simplest winding. 

96 X 6 

Current per conductor at full load... 0.85 X 92 X *x 2 * amperes. 
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72 yc 2 

Terminal voltage at standstill. 440 X 924 “ 

The bxnishes and slip rings will be cheaper and more easily cooled 
if the winding is made with 4 conductors per slot, Y-connected; 
then 


Current per conductor at full load.. 

Terminal voltage at standstill. 

Ampere conductors per mch. 

Ampere conductors per incli 
” Circular mils per ampere 
Circular mils per ampere desired.... 
Size of conductor. 

Size of slot is found in the same way 
as for the squirrel-cage machine 

and that chosen in this case. 

Size of conductor. 

The magnetizing current... 

The iron loss. 

The bearing friction loss. 


156 amperes. 

238. 

820. 

1.6, the same as for the stator. 

510. 

610 X 156 = 79,500 cir. mils = 0.062 
sq. in. 

0.42 in. X 1.35 in. 

0.125 X 0.50 in. arranged 2 wide and 
2 deep 

25 amperes, the same as for the 
squirrel-cage machine. 

1640 watts. 

810 watts. 


The maximum stator current is worked out in a similar way to 
that for the squirrel-cage machine, see Art. 253, page 363; thus 
for a wound-rotor machine the reactance per phase 


- (“• O’ "[Jl X 3 + (*■ 


+ < 
nip 


I _L 

WsP 




constant X ^ 
p X 5 X Cii 
where r = 7.5 in., 

4.3 (from Fig. 266), 

Xi = 0.622 in. 

J = 0.033 in., 

Cl = 1.51, 

Ct = 1.03, 


H" <l>z 

nip 


113 2 ^ 4- W 0 26 X ^ 4- - - 1V 1 

^61^ \3 X 0.32 ^ 0.32/ ^ ^ 0033Vl.51 ^ 1.03 / J’ 


96 

^2 —.0-83, 

<f>t 4“ 01 


96 

= -_W2+1.9] =1X9.1, 


W2P 


3 X 0.32 
96 

1.2 0.1 , 2 X 

3 X"0.42 b;42 ^ 0.42~+ 




0 ^ 07 ^ 0 ^\ 

i- 0.1 b.i / 


= ^ (5.6 4- 2.55) 


72 


X’^.IS, 
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constant — 1.5 X 0.00107 (from p. 368), 

y^=2TX60X6‘X4>X8*X 0.924> X 3[^ X | + (^ + ^ + 

O.00107 X 1.6 X siTafi-^VrM) X ® 

= 0.356 X 10.72 + (0.095 + 0.112 + 0.029) X 6] X lO"*, 

= 0.76. 

44(1 

Voltage - 264. 

254 

Maximum current per phase * = 334 amperes as against 455 for 

0.76 

the squirrel-cage motor. 

279. Induction-motor Design Sheet.—All dimensions in inch 


units. 





Statob Squzbrbl Cagb Wound Rotob 

External diameter. 

.. 25 

18.934 

18.934 

Internal diameter. 

.. 19 

15.5 

13.5 

Frame length. 

.. 6.375 

6.375 

6.375 

End ducts. 

.. none 

none 

none 

Center ducts. 

.. 1 - 0.375 

1 - 0.375 

1 - 0.375 

Gross iron. 

.. 6 

6 

6 

Net iron. 

.. 5.58 

5.58 

5.58 

Slots, number. 

.. 96 

79 

72 

size. 

.. 0.32 X 1.55 

0.45 X 0.4 

0.42 X 1.36 

Conductors per slot, number... 

., 12 

1 

4 

size. 

,.. 0.091 X 

0.4 X 0.35 

0.125 X 


0.204 


0.50 

Winding-type. 

. . double-layer 

squirrel-cage 

double-layer 

Winding connection. 

.. YY 


Y 

Minimum slot pitch. 

.. 0.622 * 

0.72 

0.73 

Minimum tooth width. 

.. 0.302 

0.27 

0.31 

Core depth. 

.. 1.45 

1.22 

1.37 

Pole pitch. 

.. 7.46 



Minimum tooth area per pole.. 

.. 19.6 

14.4 

15 

Core area. 

8.7 

7.3 

8.2 

Apparent gap area per pole .... 

. . 45 



Flux per pole. 

.. 1.115 X 10® 

1.115 X 10® 

1.115 X 10® 

Maximum tooth density. 

.. 79,000 

119,000 

99,000 

Maximum core density. 

.. 68,000 

82,000 

73,000 

Ampere conductors per inch.... 

,.. 820 

755 

820 

Circular mils per ampere. 

.. 510 

400 

510 

Length of conductors . 

.. 17.7 

10.5 

19 

Section of each end connector. . 


1.25 sq. in. 


Resistance factor . 


8.3 


Maximum ring loss . 


46 kw. 


Apparent gap density. 

.. 25,000 



Air-gap clearance . 

.. 0.033 



Carter coefficient. 

.. 1.51 

1.03 

1.03 
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Statob 

SQXnBBSIi Cagb 

Wound Rotor 

Magnetizing current, gap- 

... 22.2 



total... 

... 25.5 



Ki + KJjg . 

...12 

.... 

16.75 stator 

Reactance per phase, i. 

... 0.56 

.... 

0.76 stator 

Maximum line current Id - 

... 470 

2880 

345 stator 

Bating 




Horsepower. 

... 75 



Terminal voltage. 

... 440 



Amperes, full load. 

... 92 

575 

158 

Phases. 

... 3 



Frequency. 

... 60 



Synchronous r.p.m. 

.... 900 




Poles. 8 


280. Design of a 25-cycle Motor.—It is required to design a 
motor of the following rating: 76 hp., 440 volts, three phase, 
25 cycle, 750 r.p.m., squirrel cage. 


Preliminary Design Sheet ^ 

Be = 29,000; q — 820; cos ^ = 90 per cent; 17 = 89 per cent; Da^Lg = 2200 


D. 

L, 

r 

V 

8 


7. 

7 

7rf 

7 

13 

13 

10.2 

2.55 

.030 

5.0 + 14.4 = 19.4 

0.24 

8.0 

15 

9.75 

11.8 

2.95 

.029 


0.21 

7.5 

17 

7.6 

13.3 

3.34 

.028 

5.7 + 7.2 - 12.9 

0.17 

7.1 

19 

6.1 

14.9 

3.74 

.029 

6.0 + 5.4 = 11.4 

0.16 

6.4 

21 


16.5 

4.12 


6.4 + 4.2 = 10 6 

0.15 

5.7 


Any one of these machines would be satisfactory as far as 
magnetizing current and overload capacity are concerned. The 
13“in. machine, however, is long and difficult to ventilate prop¬ 
erly so that it need not be considered. Of the others, the 
machine with the smallest diameter will generally be the cheapest 
so that the choice lies between the 15- and the 17-in. machine; 
there will be very little difference in cost between the two, but 
the 17-in. machine will be the easier to ventilate properly and 
will have the better appearance. 

Detailed Design for the 17-in. Machine.—Since the per cent 
magnetizing current is small, it will be advisable to increase 
the air-gap over the minimum value of 0.029 in.; it may be 
taken = 0.04 in. without making the magnetizing current too 
large or the power factor at full load too low. 
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Poles. 

Internal diameter of stator. 

•Gross iron. 

Vent ducts.... 

Net iron. 

Slots per pole. 

slot pitch. 

ampere conductors per slot 
ampere conductors per slot 
air-gap clearance 


Slots per pole. 

Pole pitch. 

Slot pitch. 

Slot width. 

Ampere conductors per inch 
Ampere conductors per slot. 

Pull-load current. 

Ccflb.ductors per slot. 


4. 

17 in. 

7.6 in. 

2-0.6 in.. 

7.0 in. 

12 or 18- 

I. 12 in. 0.74 in. 

920 610 

23 X 105 16 X 10». 

Noisy Quiet (see Art. 271 
p. 387). 

18, suitable for both two- and 
three-phase. 

13.4 in. 

0.74 in. 

0.375 in. 

820 from preliminary design. 
610. 

91 amperes 

6.7 if Y connected 

II. 5 if A connected: this may 
be increased to 12 per slot 
if span of coil is made 
five-sixths full pitch; cos 


cos 75® = 0.966 


6 X^ 

'6 

Ampere conductors per inch „ 

Circular mils per ampere ® 

Circular mils per ampere. 625. 

Amperes per conductor. 52 for A-coim(icted winding. 

Circular mils per conductor. 32,500 

Section of conductor. 0.0255 sq. inches = 0.102 X 

0.258 in. 

Size of slot. 0.375 X 1.75 in. 

Flux per pole. 2.97 X 10® 

Volts per phase. 440 (A connected) 

Minimum tooth width. 0.365 in. 

Minimum tooth area per pole. 46.0 sq. in. 

Maximum tooth density. 98,000. 

The rotor of this machine may be designed by the same method as used 
in the 60-cycle design in Art. 277; the probable number of slots = 59. 


281. Variation in the Length of a Machine for a Given Diam¬ 
eter.—In order to save on the original outlay for the tools 
required to build a line of induction motors, it is advisable to 
design at least two or three lengths of machine for each diameter. 
In the case of small factories, where the total output is not very 
large, three different frame lengths may be used for each diameter. 
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The principal dimensions of three squirrel-cage machines built 
on a 19-in. diameter for eight poles, 60 cycles and 900 r.p.m. are 
tabulated bdow. 


External diameter of stator 

25 in. 

25 in. 

25 in. 

Internal diameter of stator. 

19 in. 

19 in. 

19 in. 

Frame length. 

4.5 in. 

6.375 in. 

8.126 in. 

Center ducts. 

none 

1-0.376 in 

1-0.376 in. 

Gross iron. 

4.5 in. 

6 in. 

7.75 in. 

Net iron. 

4.2 in. 

5.6 in. 

7.2 in. 

Slots. 

96 

96 

96 

Size of slot. 

0.32 in. X 

0.32 in. X 

0.32 in. X 


1.55 in. 

1.55 in. 

1.65 in. 

Conductor per slot. 

8 

12 

8 

Stator coil span. 

pitch 

pitch 

pitch 

Size of conductors. 

0.129 X 0.204 

0.091 X 0.204 

0.129 X 0.204 

Connection. 

Y 

YY 

A 

Ampere conductors per inch 

780 

820 

850 

Circular mils per ampere... 

520 

510 

465 

Amperes per conductor_ 

64 

46 

71.6 

Amperes per terminal. 

64 

92 

123 

Terminal voltage. 

440 

440 

440 

Phases. 

3 

3 

3 

Output. 

50 hp. 

75 hp. 

100 hp. 

Air-gap clearance. 

0.033 in. 

0.033 in. 

0.0033 in. 

Magnetizing current. 

19 amperes 

25 amperes 

32 amperes 

Ki actual (see Fig. 257, p. 



369).. 

4.30 

4.30 

4.30 

Kdjg actual. 

5.90 

7.90 

9.90 

Reactance per phase in 




ohms. 

0.78 

0.53 

1.08 

Maximum current in line.. 

320 amperes 

470 amperes 

710 amperes 

Magnetizing current. 

30 per cent 

27 p(‘r c(5iit 

26 per cent 

Maximum current. 

5.0 full load 

5.1 full load 

5.S full load 


The above machines are discussed under the following heads: 

Conductors per Slot.—Since the same stator punchings are used 
in each case, the number of slots is fixed, and for the same flux 
density in the different machines the flux per pole must be 
directly proportional to the net iron. Now the voltage per 
conductor is proportional to the flux per pole, so that the number 
of conductors in series, for the same voltage per phase, must be 
inversely proportional to the flux per pole and therefore inversely 
proportional to the net iron in the frame length. 

Size of Conductor.—This is inversely proportional to the 
number of conductors per slot for the same total copper section 
per slot. 
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Current Rating.—^For the same current density in the conduc¬ 
tors, the current in each conductor must be proportional to the 
conductor section. If the connection is Y, the current rating 
is the same as the current per conductor; if the connection is 
A, the current rating = 1.73 times the current per conductor. 

Output.—^For the same total section of copper, the output of 
the machine is proportional to the net iron in the frame length, 
because output = a constant X phases X volts per phase X 
current per phase, 

= a constant X n X Z4>a X /«, 

= a constant X nZIe X <f>a, 

= a constant X total copper section X I/«. 

Magueliziiig Current =-- - X 

0.87 X conductors per pole X cos ^ 

A 

0 

BgX d XC, and since Bgj 5 , cos ^ C are all constant, the mag¬ 
netizing current is inversely proportional to the number of 
conductors per pole and therefore to the number of conductors 
per slot. 

Maximum Current.—The leakage flux per phase is made up of 
two parts, the end-connection leakage which is independent of 
the frame length, and the slot and zigzag leakages which are 
directly proportional to the frame length. The reactance per 

phase = 27r/b*c* ^cos pn(,Ki -b KiL^)lQr» 

= a constant X b^{Ki + KJLg) 

for machines built with the same punchings and same coil span. 

From the data in the table it may be seen that, so far as 
magnetizing current and overload capacity are concerned, the 
longest machine is the best; but a machine cannot be lengthened 
indefinitely because a point is finally reached at which it becomes 
impossible to cool the center of the core properly, without 
considerable modification in the type of construction. Even 
before this point is reached, it will generally be found economical 
to increase the diameter rather than keep on increasing the 
length, because, since the output is proportional to Da^Lg^ an 
increase in diameter of 10 per cent is equivalent to an increase 
in frame length of 22 per cent. 

282. Windings for Different Voltages.—The stator of a 50-hp., 
440-volt, three-phase, 64-ampere, 60-cycle, 900-r.p,m. induction 
motor is constructed as follows: 
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Internal diameter of stator. 19 in. 

f^me length. 4.6 in. 

Slots, number. 96, 

Slots, size. 0.32 X 1.66 in. 

Conductors per slot, number... 8. 

size. 0.129 X 0.204. 

Connection. Y. 


It is required to design windings for the following voltages: 
220 volts, three phase, 60 cycles, 

560 volts, three phase, 60 cycles, 

250 volts, three phase, 60 cycles, 

550 volts, two phase, 60 cycles. 

Conductors per Slot. 

E = 2.22JbZ cos | 0o/lO“® volts, 

X X vx 7 vy conductors per slot 6 , 

— a constant X « X- phases -^ 2 ^ given 

frame and frequency. 

For the machine in question k = 0.958 for three-phase windings, 

== 0.903 for two-phase windings, 

, , volts per phase X phases, 

and the constant =- - — - - - - 

k X conductors per slot X cos s 
1.73 ^ 


~ 0.956 X 8 X chord factor for three-phase Y. 

= 99.4 -f- chord factor for three-phase Y. 
The windings for the different voltages may be tabulated thus: 


Terminal 

voltage 

Phases 

Volts per 
phase 

Conduc¬ 
tors per 
slot times 
chord 
factor 

Stator 

coil 

span 

Chord 

factor 

Con¬ 

ductors 

per 

slot 

Con¬ 

nection 

440 

3 

254 

7.39 

pitch 

0.924 

8 

Y 


3 

127 

3.69 

^4 pitch 

0.924 

4 

YY 

550 

3 

320 

9.24 

^4 pitch 

0.924 

10 

Y 

250 

3 

144 Y 

4.2 

Ks pitch 

0.79 

5 

? 



250 A 

7.28 

pitch 

0.924 

8 

A 

550 

2 

550 

11.3 

^4 pitch 

0.924 

12 

series 


Size of Conductor.—This must be chosen so that the stator 
copper loss and copper heating are the same for each voltage; 
that this may be the case it is necessary to keep the ratio 
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amperfe conduc tors per inch 

c.rcular mils per ampei^ constant. The work is carried out in 
tabular form thus: 



The rotor winding is the same for all stator voltages and 
phases because the only connection between the stator and rotor 
IS the flux in the air-gap, and this is kept constant by the use of 
the proper number of stator conductors per slot. It is therefore 
possible to build motors for stock, complete except for the stator 

umber of phases on which the machine will operate are known 
It must not be imagined that the designs which have been 
worked out m this chapter are the only ones that could have 
een used. Electrical design is very flexible, and different values 
or flux density and ampere conductors per inch might have been 
m give a satisfactory machine, and perhaps a clieaper one 
When one design for a given rating is worked out completely' 
the designer has to go over it and try the effect of changing the 

which marnes h^dLign wiir^Mhe feal'desSn^'wll! 



CHAPTER XXXIV 

SPECIAL PROBLEMS IN INDUCTION MOTOR DESIGN 


283. Slow-speed Motors. 

Since T “ 2.16— (formula ( 68 ), p. 394) 

1 QT 


and 




h 


therefore t " ^ constant 
J-o 


rha 


(61) 


fi(Xi + X*L„) 

Id r 

and the ratio y- depends largely on the ratio -• 

Iq 0 

r j j. j V Id 6 fuU-load current 

In moderate-speed machines y- = q., - ; ,,, —3 - 7 = 18. 

^ It 0.33 full-load current 

In high-speed machines the dimensions are small and the periph- 

<y* 

eral velocity high, so that the ratio 7 is generally large, since 

0 


the value of r is directly proportional to the peripheral velocity 
and the value of S increases with the dimensions of the machine. 
Such machines therefore have a large value of Id and a large 
overload capacity; they have also a small value of /<, and a 
high power factor. 

In the case of slow-speed machines, the dimensions are large so 
as to get the necessary radiating surface, and the peripheral 
velocity is generally low because of the large number of poles. 


Because of the small pole pitch the ratio is small, and the 

J-0 


characteristics of the machine are small overload capacity, large 
magnetizing current and low power factor. 

Compare, for example, the preliminary designs for machines of 
300-hp. output, 60 cycles and 720 and 300 r.p.m., respectively. 


Horsepower. 300 300 

Frequency. 60 60 

E,.p.m. 720 300 

B, . 23,000 23,000 

q . 730 730 

cos assumed. 91 per cent 84 per cent 
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17 assumed. 

... 91 per cent 

90 per cent 

D.>L, . 

... 12,700 

33,500 

Da . 

... 86 in. 

65 in. 


... 10 in. 

8 in. 


... 11.3 in. 

8.5 in. 

V in thousands of feet per minute. 

... 6.8 

5.1 


... 0.048 in. 

0.051 in. 

Ki . 

... 5.3 

4.5 

KtL, . 

... 10.5 

10 

Kl + KJLg . 

... 15.8 

14.5 

Ip 

... 0.275 

0.39 

li 

I . 

.... 6.7 

5.9 


These two machines are shown to scale in Fig. 270. 

The above figures show that, the higher the speed for a given 
horsepower, the smaller is the magnetizing current and the 
larger the overload capacity; this is a characteristic property 
which cannot be changed except by the use of air-gaps on the 
slow-speed machines which are not large enough for mechanical 
purposes. 

For slow-speed motors the use of 25 cycles offers considerable 
advantage over the use of 60 cycles because, for the same r.p.m., 
the number of poles is the smaller in the case of the 25-cycle 

motor and therefore the pole pitch and the ratio ^ are the larger. 

i o 

Compare for example the preliminary designs for machines of 300 
hp. at 300 r.p.m., for 25- and 60-cycle operation, respectively. 

Horsepower. 

Frequency.. 

R-p.m.. 

Poles. 

B, . 

Q . 

cos 4>j assumed. 

17 , assumed.. 

Da^L, . 

D, . 

La . 

T.. 

V, in thousands of feet per minute 

d . 

. 

KJ[.y . 


300 

60 

300 

24 

23,000 

730 

84 per cent 
90 per cent 
33,500 
65 in. 

8 in. 

8.5 in. 

5.1 

0.051 in. 

4.5 
10 


300 

25 

300 

10 

27,000 

730 

90 per cent 
90 per cent 
26,500 
46 in. 

12.5 in. 

14.5 in. 

3.6 

0,045 in. 

5.9 

11.3 
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14.5 17.2 

0.39 0.235 

5.9 9.0 

When most of the motors that are to be used are slow-speed 
machines, that is, they lie below the speed curve 6 in Fig. 267, 
then 25-cycle apparatus will have a comparatively high power 
factor and overload capacity, while for 60-cycle apparatus these 
will be low. 

284. Closed-slot Machines.—^By the use of closed slots for 
both stator and rotor the characteristics of slow-speed machines 
can be considerably improved. The only objection to the use of 
closed slots for the stator is that the windings are difficult to 
repair in case of break-down. There is not the same objection to 
their use for the rotor because, in the case of the squirrel-cage 
machine, there is only one conductor per slot and this is put in 
from the end, while in the case of the wound-rotor machine the 
winding can he chosen with two or four conductors per slot 
which can be formed to shape at one end, the slot part and one 
end insulated, and the other end bent to shape and insulated after 
the conductor has been pushed into place. There is no con¬ 
nection between the stator applied voltage and the rotor voltage 
at standstill; this latter voltage can be kept low by the use of a 
amflll number of rotor conductors per slot. When the machine 
is up to speed and the rotor short-circuited, the voltage between 
the rotor windings and the core is very low and the chance of 
break-down small. 

By the use of closed slots the air-gap area is increased, and the 
magnetizing current decreased for the same winding, the slot 
leakage and zigzag leakage are increased and the overload 
capacity reduced; as a rule the increase in leakage is not as large 
as the decrease in magnetizing current. 

The following table shows comparative designs for a 300-hp., 
440-volt, three-phase, 60-cycle, 300-r.p.m. motor; the one design 
has open stator slots and the other closed stator slots; the 
rotor is of the squirrel-cage type in each case and has closed slots. 
The designs need not be worked through carefully, but it is 
necessary to understand the conclusions tabulated at the end of 
the design sheet. 


Ki -H KJLt 

h 

I . 

Id 

I . 
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A 

Opsn-slot 

Inch Umits Abs Used Statob 

External diameter. 72 

Internal diameter. 65 

Frame length. 9.5 

End ducts. 2<-0.5 

Center ducts. 2-0.5 

Gross iron. 8.5 

Net iron. 7.6 

Slots, number. 288 

size. 0.35 X 1.5 

Conductors per slot, number... 2 

size. 0.23 X 0.5 

Winding, type. double layer 

connection. A 

Minimum slot pitch. 0.71 

Minimum tooth width. 0.36 

Core depth. 2 

Pole pitch. 8.5 

Minimum tooth area per pole.. 33 

Core area. 15.2 

Apparent gap area per pole.... 72.5 

Flux per pole. 1.8 X 10* 

Maximum tooth density. 85,000 

Maximum core density. 59,000 

Ampere conductors per inch... 660 

Circular mils per ampere.630 

Apparent gap density. 25,000 

Air-gap clearance. 0.05 

Carter coefficient.. 1.4 

Magnetizing current, gap. 145, terminal 

total. 175 

Ki . 4.5 

KtLg . 10.2 

Maximum line current, I 4 . 3000 

Horsepower.. 300 

Terminal voltage. 440 

Amperes, full load. 400 

Phases. 3 

Frequency. 60 

Synchronous r.p.m. 300 

Poles. 24 

Reactance per phase — 


B 

A 

B 

Closed-slot 



Statob 

Rotob 

Rotob 

63 

64.9 

56.9 

67 

01 

53 

11 

9.5 

11 

2-0.6 

none 

none 

2-0.5 

2-0.6 

2-0.5 

10 

8.5 

10 

9 

7.0 

9 

288 

220 

220 

0.31 X 1.6 

0.55 X 0.46 

0.46 X 0.45 

2 

1 

1 

0.2 X 0.5 

0.5 X 0.4 

0.4 X 0.4 

double layer 
YY 

squirrel cage 

squirrel cage 

0.62 

0.91 

0.8 

0.31 

0.3G 

0.35 

1.4 

1.4 

1.4 

7.45 



33.5 

25 

20 

12.0 

10.0 

12.6 

74.5 

2.08 X 10* 

1.8 X 10* 

2.08 X 10« 

97,000 

113.000 

113,000 

82,000 

85,000 

83,000 

640 

520 

510 

640 

520 

490 

28,000 

0.05 

1.04 

140, terminal 
168 

4.2 

16.4 

2800 

300 

440 

1.02 

1.02 

400 

485 

415 

3 



60 



300 



24 




2.^«cv(oos|)n[g^ + (^ 
where for machine A 




nip 


I 

W2P 




10~8 


2ni 


4.6, 



1 

3.21 

f 1.3 

nip 

288 

<3 X 0.35 

“i“ 0i__ 

1 

3.21 

f 0.45 

nip 

220 

^3 X 0.55 


Taking e = 180 deg. 


+oT5)+»-=»ra(:n 


2 X 0.07 


+ 


+ 


0.55 + 0.07 



7.56 

* 288 ’ 


5.25 

220 ’ 
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Reaotaaoe per phase 


-arX60X2»X4»X24»X3[||+(|^ + 


Voltage per phase 
Maximum current per phase 


== 440 for A-connection. 
440 
0.256* 


Maximum line current 
For machine B 


= 1720 amperes. 
= 1720 X 1.73, 
= 3000 amperes. 


^ =4.2, 

2n 

<f>» + 


nip 


H" 01 

riip 




1.6 


r+< 


2 X 0.07 


+%?') 




3 X 0.31 ‘ 0.31 +0.1 ' 0.1/ 




0.45 




2 X 0.07 


+ 


0.03 \ 

0.07/ 


+ 


3 X 6.46 ' 0.46 4- 0.07 ' O.l 

"■2^(534+ CT-‘)’] 


Taking 6 = 180 deg. 
Reactance per phase 


Voltage per phase 
Maximum current per phase 


= 27r X 60 X 1* X 4* X 242 X 3 

= 0.09. 

440 

= Yyg =254 for a Y-connection. 

^254 

0.09* 


10.5 

288* 


7.0 

220 * 


= 2800, 

= maximum line current. 


The points of importance in 

the above designs 

are: 


Open Slot 

Closed Slot 

Flux density, stator teeth. 

. 85,000 

97,000 

Flux density, stator core. 

.59,000 

82,000 

Core depth. 


1.4 in. 

Carter coefficient.. 

. 1.4 

1.04 

Conductors per slot. 

.2n = I.I6Y 

2YY - lY 

Internal diameter of stator.... 

. 65 in. 

57 in. 

Flux per pole. 

. 1.8 X 10“ 

2.08 X 10« 

Magnetizing current. 

. 175 amperes 

168 amperes 

KtL, . 

. 10.2 

16.4 

Maximum current. 

. 3000 

2800 

When closed slots are used, the flux density may be high, since 


the pulsation loss is almost entirely eliminated. 
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The value of the Carter fringing coefficient is decreased and 
therefore the magneti 2 !ing current is reduced for the same 
winding or, as in the above machines, the number of conductors 
is reduced for the same magnetizing current: 

Because of the reduction in the number of conductors the 
stator internal diameter is decreased for the same value of q, the 
ampere conductors per inch. 

Because of the reduced number of conductors the reactance 
of the winding is decreased, and because of the increase in the 
slot and the zigzag leakage, due to the closing of the slot, the 
reactance is increased. 

The final result is that the closed-slot machine is smaller and 
cheaper than the open-slot machine, especially if, as in Europe, 
the cost of winding labor is cheap; it has the same characteristics 
as the open-slot machine. 

If the closed-slot machine were made on the same diameter as 
the open-slot machine, it would have the better characteristics. 

286. High-speed Motors.—^The number of speeds in the useful 
range for small belted motors is smaller for 25 than for 60 cycles, 
as may be seen from the following .table; 


Poles 

Revolutions per minute 

60 cycles 

25 cycles 

2 

3600 

1600 

4 

1800 

750 

6. 

1200 

600 

8 

900 

375 

10 

720 

300 


For that reason, and also because they are cheaper than 26-cycle 
motors of the same speed, 60-cycle motors should be used where 
most of the driven machines are moderate-speed belted machines. 


Compare, for example, the preliminary design for a 300-hp., 
60-cycle, 720-r.p.m. machine with that for a 300-hp., 25-cycle, 


750-r.p.m. machine. 



Horsepower. 

. 300 

300 

Frequency. 

. 60 

25 

R.p.m. 

. 720 

750 

Poles. 

. 10 

4 
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. 23,000 

27,000 


. 730 

730 

COS assumed. 

. 91 per cent 

92 per cent 

assumed. 

. 91 per cent 

91 per cent 

ipjj, . 

. 12,700 

10,300 


. 36 in. 

27 in. 

L, . 

. 10 in. 

14 in. 


. 11.3 in. 

21 in. 

Vj in thousands of feet per minute... 

. 6.8 

5.3 


. 0.048 in. 

0.045 in. 


. 5.3 

7 

. 

. 10.5 

10.2 

Ki + KJj, . 

. 15.8 

17.2 

Jo 

I . 

.. 0.275 

0.16 

u 

I . 

. 6.7 

10.2 


These two machines are shown to scale in Fig. 270. 

Since the magnetizing current of the 25-cycle machine is so 
small, it will be advisable to increase the air-gap clearance and 
thereby have less chance of mechanical trouble. 

Because the 25-cycle machine has the smaller diameter, it 
must not be imagined that it is the cheaper machine. It has 
the smaller number of poles, the larger flux per pole and, there¬ 
fore, the deeper core. Due to the large pole pitch the end con¬ 
nections are long, and due to the lower peripheral velocity and 
the greater diflflculty in cooling the long machine, a large section 
of copper and deep slots are necessary. These facts are shown 
by the following table; 


Horsepower. 

.... 300 

300 

!R.p.m. 

.... 720 

750 

Poles. 

.... 10 

4 

Pole pitch. 

.... 11.3 in. 

21 in. 

Gross iron. 

.... 10 in. 

14 in. 

Flux per polo = BgrL^ . 

.... 2.6 X 10« 

8.0 X 10® 

Stator core density, assumed. 

.... 65,000 

85,000 

Necessary core area. 

... . 20 sq. in. 

47 sq. in. 

Core depth. 

_2.25 in. 

3.75 in. 

Rotor core density, assumed. 

.... 85,000 

85,000 

Necessary core area. 

.... 15 sq. in. 

47 sq. in. 

Core depth. 

.... 1.7 in. 

3.75 in. 

Length of stator conductor. 

_30 in. 

48 in. from Fig. 88. 


A section through the two machines is shown to scale in Fig. 
270, from which it may be seen that the 25-cycle motor has the 
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larger amount of material in it, and will probably be the more 
expensive machine. 

In the case of large high-speed motors, such as those for direct 
coimection to centrifugal pumps or for motor generator sets, care 
must be taken in the design to insure that the machines will be 
quiet in operation. 

Consider, for example, the design of a direct connected wound- 
rotor motor of the following rating: 1000 hp., 60 cycles, 900 r.p.m. 


PBHUMINABr DbSIGM' Shxbt 

Bg = 24,000, g = 800, cos 0 »» 92 per cent, 17 92 per cent, Da^Lg =» 29,000 


Dc 

i. 

r 

V 

5 

Ki + AiL, 


la 

1 

32 

28.5 

12.6 

7.55 

0.067 

7.5 +36 

« 43.5 

0.33 

6.6 

36 

22.5 

14.1 

8.45 

0.065 

7.7 + 27 

~ 34.7 

0.28 

6.6 

40 

18.0 

15.7 

9.40 

0.065 

8.3+20.5 » 2S.8 

0.26 

6.3 

44 

15.0 

17.2 

10.3 

0.066 

8.6 + 17 

= 25.6 

0.24 

6.0 


When using the curves in Fig. 256 to determine Ki and K 2 , it 
should be noted that, for wound-rotor machines, the values of Ki 
found from the curve must be multiplied by four-thirds, and the 
values of K 3 must be taken from the upper curve. 

In order that the noise of the machine be not objectionable 
at no load, the peripheral velocity should, if possible, be less 
than 8000 ft. per minute and the pitch of the windage note should 
be kept below 1400 cycles per second. The number of rotor slots 
per pole to satisfy this latter condition may be found from 
formula (56), page 385, namely: 

frequency of windage note = rotor slots X revolutions per second 

= 1440 if 12 slots per pole are used. 

For quiet operation at full load, the number of slots per pole 
for the stator should exceed that for the rotor by about 20 per 
cent (see Art. 271, p. 387). 

For machines with 15 slots per pole, the values of the stator 
ttD 

slot pitch = g ^ ' ^ 5 > 0^ ampere conductors per slot = g X X, 

..< 4 .v,« ampere conductors per slot ,. , , 

and of the ratio- clearance -°° 

full load largely depends, are given in the following table: 
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D. 

Xi 

Ampere 

conductors 

s 

Ampere conductors per slot 



per slot 


S 



mm 

0.067 

10.0 




0.065 

11.5 



WSm 

0.065 

12.8 

44 


■■ 

0.066 

13.8 


The last of these machines is close to the noise limit’, and the 
first is too long to ventilate properly, so that the choice lies 
between a machine of 36-in. and one of 40-in. diameter. If the 
designer has been troubled with noisy machines, he will probably 
choose that with the smaller diameter, because it will have the 
lower peripheral velocity, and, therefore, the lower intensity of 
windage note. If he is satisfied, from experience with other 
high-speed machines which have been built and tested, that the 
40-in. motor will not be noisy, then it will probably be chosen 
because it is shorter and easier to ventilate. 

The rating of 1000 hp. is about the highest that can safely 
be built at 900 r.p.m. with the open type of construction, since a 
machine of larger diameter is liable to give trouble due to noise, 
and a longer machine is liable to get hot at the centre of the core. 
A larger diameter and a higher peripheral velocity may be used if 
the motor is partially enclosed, so as to muffle the noise, and then 
cooled by forced ventilation. 

286. Two-pole Motors.—Since, for induction motors operating 
on 25 cycles, there is no available speed between 1500 and 750 
r.p.m., the former speed is largely used for motors that are direct 
connected to centrifugal pumps, and would also be largely used 
for small belted motors were it not that the cost of a 1500-r.p.m. 
motor is seldom less than that of a 750-r.p.m. machine of the same 
horsepower. 

Consider, for example, comparative designs for a 300-hp., 
25-cycle induction motor at 1500 and at 750 r.p.m., respectively. 


Horsepower. 300 300 

R.p.m. 750 1500 

Poles. 4 ■ 2 

B, . 27,000 27,000 

q . 730 730 

cos 4>, assumed. 92 93 
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1 }, assumed. 

. 91 

90 

D.*L, . 

. 10,300 

5100 

D-. 

. 27 in. 

18 in. 

L, . 

. 14 in. 

16 in. 


. 21 in. 

28 in. 

r, in thousands of feet per minute... 

. 5.3 

7.0 


. 0.045 in. 

0.048 in. 


. 7 

8 

RJbg . 

. 10.2 

9.3 

Kl + K^g . 

. 17.2 

17.3 

Ic 

. 0.16 

0.13 

'I . 



Id 

I . 

. 10.2 

11.5 

Flux per pole. 

. 8.0 X 10« 

12.0 X 10« 

Core density; lines per square inch... 

. 85,000 

85,000 

Core area. 

. 47 sq. in. 

71 sq. in. 

Core depth. 

. 3.75 m. 

5 in. 

Length of stator conductor... 

. 48 in. 

62 in. 


Some idea as to the relative proportions of these two machines 
may be obtained from Fig. 270. 

When full-pitch windings are used for induction-motor stators, 
the revolving field consists of a fundamental and harmonics. If 
there is a pronounced nth harmonic, the resultant revolving 
field may be considered as the resultant of a fundamental which 
revolves at synchronous speed, and of a harmonic which revolves 
at n times S3mchronous speed; if these fields move in the same 
direction the resultant torque curve will be curve 3, Fig. 271, 
which is made up of curves 1 and 2, due to the fundamental 
and the harmonic, respectively. One of the characteristics of 
the two-pole motor, and particularly of the two-pole, 25-cycle 
motor, is its large pole pitch and consequent large overload 
capacity, so that for such machines, when of the squirrel-cage 
type and designed with small slip in order to obtain high effi¬ 
ciency, the overload torque ab of the harmonic may become com¬ 
parable with the normal torque of the fundamental, and in such 
a case the motor will run at a speed m, which is approximately 

ith of synchronous speed, and is called a sub-synchronous speed. 

This sub-synchronous locking speed may be eliminated by the 
use of a high-resistance rotor, which raises the part cd of curve 1 
without affecting the overload torque; an extreme case of a 
high-resistance rotor is a rotor of the wound type. Ahother way 
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to eliminate these locking speeds is to eliminate the harmonics 
by the use of a short-pitch winding in the stator. As shown in 
Art. 137 page 182, a shortening of the pitch of an alternator 

winding by -th of the full pitch will eliminate the nth harmonic. 

Similarly, a shortening of the span of the coils in an induction 

motor winding by -th of the pitch will eliminate all effects of 

Th 




300 Hp. 300 R.p.m. 60 Cycle 


■Hi 

ijliioi 





lii 

niji 


BS 






300 Hp. 750 H.p.m. 25 Cycle 300 Hp. 1500 R.p.m. 25 Cycle 
Fig. 270.—300 hp. induction motors for different speeds and frequencies. 


the nth harmonic on that machine. Furthermore, there are 
other advantages in a short-pitch winding for an induction 
motor. The main advantage is that the length of the end 
connections of the coils is reduced. The length of these end 
connections is proportional to . the span of the coil; with a coil 
span of two-thirds full pitch, for instance, the length of the end 
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connections is only two-thirds of what it would be if a full-pitch 
winding were used. Thus, there is a saving in copper losses by 
shortening the coil span. A stiU greater advantage is the possi¬ 
bility of shortening the distance between bearings because of the 
shortened overhang of the end connections. This is of particular 
importance in high-speed motors where the pole pitch is large. 



Fig. 271.—Speed torque curve for a motor with harmonics in the wave of 

hux distribution. 


287. Effect of Variations in Voltage and Frequency on the 
Operation.—^For a given machine 

== a constant X ^aX f, 

/o = a constant X <t>a, 

Xeq = a constant X /, 

E 

Id = = a constant X <#>a. 

If the voltage applied to the motor terminals is reduced, the 
value of <j>aj the flux per pole, will be reduced, and therefore, 
lo will be reduced and the power factor improved; 

Id will be reduced and the overload capacity decreased. 

The flux density will be reduced, the current will be increased 
for the same output, and the result will probably be increased 
heating and a liability to pull out of step. 
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If the voltage be increased, the value of the flux per pole will 
)}e increased and therefore, 

lo will be increased and the power factor decreased; 

Id will be increased and so also will be the overload capacity. 

The flux density will be increased, but the current will be reduced 
for the same rating; this may result in increased or in decreased 
lieating depending on whether the iron loss or the copper loss is 
the greater at normal voltage. 

If the frequency of the applied voltage be reduced, the voltage 
iDeing unchanged, then the flux per pole will be increased and so 
also will be the magnetizing current and the overload capacity. 
The core loss and copper loss will be practically unchanged, but 
the heating will be increased due to the reduction in speed. 

If the frequency be increased, the voltage being unchanged, 
then the flux per pole will be reduced and so also will be the 
magnetizing current and the overload capacity. The core loss 
and copper loss will be unchanged and the heating reduced 
because of the increase in speed, but the rating of the motor can¬ 
not be increased because of the reduced overload capacity. 

If the voltage and frequency both increase or decrease 
together, then, for a change of iO per cent, the characteristics of 
the machine are not changed; thus it is possible to sell 440-volt 
60-cycle motors for operation on 400 volts and 50 cycles, with 
the same guarantee in each case except that of heating; the 
temperature will increase due to the increase in current and to 
the decrease in speed. 
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OPERATION OF TRANSFORMERS 

288. No-load Conditions.—^Figure 272 shows a transformer 
diagrammatically; the two windings, which have Ti and 72 
turns, respectively, are wound on an iron core C. 



Fio. 272.—Diagrammatic lepreaentation of tnvnsformore. 

An' alternating voltage Ei, applied to the primary coil Ti, 
causes a current 7,, called the exciting current, to flow in the coil; 
this current produces in the core an alternating flux, The 


3 






Jw 

Fig. 273.—Vector diagram at no load. 


Ei 


El 


16 


flux <t>co generates an e.m.f. E% in the secondary winding and an 
e.m.f. Evb in the primary winding, and to overcome this latter 
voltage the applied e.m.f. must have a component which is 
equal and opposite to E^ at every instant: the other component 

422 
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of the applied e.m.f. must be large enough -to send the exciting 
current I, through the impedance of the primary winding. 

In Fig. 273, which shows the vector diagram at no load, 

<t>ec is the flux in the core, 

/„ is the magnetizing current, or that part of I, which is in 
phase with 

7 „, the component of which is in phase with the applied 
e.m.f., is required to overcome the no-load losses, 

E 2 , the e.m.f. generated in the secondary winding, lags by 
90 deg., 

Evb, the generated e.m.f. in the primary winding, also lags 
<i>co by 90 deg., 

El, the applied e.m.f., is equal and opposite to Eu,, since the 
component required to overcome the impedance of the 
primary winding may be neglected at no load. 

Since Ei and Ev, are produced by the same flux and\since 
El = Ea, therefore 
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289. FuU-load Conditions.—When the secondary of a trans¬ 
former is connected to a load, a current la flows in the secondary 
winding; the phase relation between Ea and la depends on the 
power factor of the load. 

The fluxes which are present in a transformer core at full 
load are shown in Fig. 272. The ra.m.f. between a and b = Tih 
ampere-tums, where 7i is the full-load current, and due to this 
m.m.f. a flux <t>ii is produced which threads the primary wrinding 
but does not thread the secondary; <t>ii is called the primary 
leakage flux and is in phase with the current 7i. 

The m.m.f. between c and d = Tah ampere-tums, where 7^ is 
the full-load secondary current, and due to this m.m.f. the 
secondary leakage flux 4 >ai is produced which threads the second¬ 
ary winding but does not thread the primary. 

In Fig. 274 

72 is the current in the secondary winding, 

d>ai, the secondary leakage flux, is in phase with la, 

<l>e, the flux in the core, threads both primary and secondary 
windings, 

<^2 is the actual flux threading the secondary winding, 

Ea is the e.m.f. generated in the secondary winding by <^ 2 , 
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Est, the secondary terminal e.rni., is less than Ez by 7si?2, the 
e.m.f. required to overcome the resistance of the secondar 3 ' 
•winding, 

1 1 is the current in the primary winding, 

the primary leakage flux, is in phase with 7i, 

^1 is the actual flux threading the primary winding, 

Eib is the e.m.f. generated in the primary •winding by 0i, 

El, the primary applied e.m.f., is made up of a component equal 
and opposite to Ea, and a component 7i/2i to overcome 
the primary resistance. 




The applied voltage Ei is constant, and IiRi is comparatively 
small even at full load, so that it may be assumed that Eu, 
is equal to Ei, and that 0i, which produces Eu,, is approxi¬ 
mately constant at all loads; the resultant of the m.m.fs. of the 
primary and secondary windings at full load must, therefore, as 
far as the primary is concerned, be equal in effect to the m.m.f. 
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of the exciting current I», so that the primary current may be 
divided up into two components, one of which has a m.m.f 
equal and opposite to that of the secondary winding, while the 
other is equal to I,. 

It is usual to consider that the primary and secondary lAfilrngp 
fluxes have an existence separate from that of the core flux <t>c, 
so that in Fig. 275 

consists of two components and <^ 21 , 

E2 consists of two components; E2C due to <f>c, and E21 due to 
^21, 

E 21 lags ^81 and therefore /a by 90 deg., it is also proportional to 
1 2 , so that it acts exactly like a reactance and = 1 2 X 2 , where 
X 2 is the secondary leakage reactance, 

<^i consists of two components <l>o and <^u, 

Ell consists of two components Eu and Eu which latter = 1 1 X 1 
the primary leakage-reactance drop. 

290. Conditions on Short-circuit.—On short-circuit the termi¬ 
nal voltage of the secondary is zero; the diag rfl.Tn representing 
the operation is shown in Fig. 276 when the transformer is short- 



circuited and a primary e.ra.f. applied which is large enough to 
circulate full-load current through the transformer. Since the 
applied e.m.f., and therefore the primary flux, is small, the 
exciting current may be neglected and Tih and Tih will then be 
equal and opposite. 

El = Viab -h dc)* + h^, 
where db = IiXi, 
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be = IxBi + 

Therefore E 

= IiViR.,)^ + 

where jS«j and Jf,* are the equivalent primary resistance and 
reactance, respectivdy. 

291. Regulation.—^Kgure 277 shows the vector diagram at full 
load with the primary voltages expressed in terms of the 
secondary and the magnetizing current neglected. 




Fms. 277.—^Vector diagram on full load with primary voltuges oxprcHHod in 
terms of the secondary. 


The regulation of constant potential transformers is defined 
as the per cent increase of secondary terminal voltage from full 
load to no load, the primary applied voltage being constant. 

In Fig. 277 the rise in secondary voltage from full load to 
no load = fc, 

= liRe COS 9 + hX, sin 6 + be, 
where R, and X, are the equivalent secondary resistance and 
reactance, respectively, and 
be X 2 ab = (M)®, 


or 



(liX, cos 6 — IxR, sin oy 
2 {Eio - be) 

(liXe COS 6 — ItRt sin 6)^ • . , 

-- - approximately, 
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The per cent regulation = loo/^—Y 




~ Iv ^2 ) power factor, 


= 100 


E,o ' 2\E^o) 

' oshR. + o.e/ax; 

Eio 


approximately at 80 per cent 


power factor, lagging current. 


(63) 



CHAPTER XXXVI 

CONSTRUCTION OF TRANSFORMERS 

292. Distribution Transformers.—By the term “distribution 
transformers” is meant those transformers having capacity 
ratings from 1^ to approximately 200 k.v.a. with voltage rat¬ 
ings up to 46,000 volts, frequencies of 25 to 60 cycles and single¬ 
phase, two-phase or three-phase transformation. No single 
type of transformer design is best adapted to cover this entire 
range of capacity, voltage, frequency and phase. There are in 



Fig. 278.—Group 1, Distributed shell type of construction. 


general four types of construction employed. These four types 
are: 

Group 1. Distributed shell type. 

Group 2. Rectangular core type. 

Group 3. Cruciform core type. 

Group 4. Simple shell type. 

These four types of construction are illustrated in Figs. 278 
to 281. 
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In gcncr&l, the selection of the type to be used is the result of 
some predominating characteristic of design that mnlroff it best 



Fig. 279.—Group 2. Rectangular core typo of construction. 



Fig. 280.—Group 3. Cruciform core type of construction. 

suited for its particular field of service. Broadly speaking, the 
shell type of construction finds its best field of application for 
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relatively low voltage or large capacity ratings, that is, for trans¬ 
formers where the space factor is high. The core type, on the 
other hand, finds its best field where the voltage is relatively high 
or the capacity low, that is, where the space factor is low. This 
general consideration may be modified in actual application by 
other considerations such as ventilation or mechanical bracing, 
which may make one design better than another and thereby 
be a determining factor in the selection of the type of construc¬ 
tion to be employed. 

Figures 282 and 283 indicate how the product of one of the 
large manufacturing companies is distributed among these 
various t3T)es of construction. 



Fig. 281.—Group 4, Simple shell type of construction. 


Both the distributed shell type and the rectangular core type 
have been selected for their field of service because of the high 
operating efiiciency that is obtainable with these two types. 
On account of the poor load factor, under which distribution 
transformers of small capacity usually operate, very low iron 
and copper losses are absolutely essential. A close approxima¬ 
tion to the ideal design for maximum electrical efficiency is 
obtained in the shell t 3 rpe of design by the distributed shell 
transformer and the core type of design by the rectangular core 
type. For transformers of relatively^ high voltage and small 
















CONSTRUCTION OF TRANSFORMERS 


431 





5 4600 


1.5 2.5 


Group /- Disiribu'hd Shelf Typ 


Tb 10 15 25 37.5 SO 75 100' ISO ‘200 

KV-A Ra+ing 


Areas IfyhHy shaded represent capactiyredings fha-fare rtoisiandard m fhe 
voliage classes under' which ihey are Included, 

Fig. 282.—Showing f lio typo of construcjtion as affected by voltage and capacity 
—00 cycle distribution frausfonncrs. 





Group 2-Rectangular Core Type 





Group l-Disiribuied Shelf 7ypi 


1,5 2.5 3 5 7.5 10 15 2S 37.5 50 75 lOO ISO 200/ 

KV-A Ro+lng 

AreaslfghHy shaded represent capa'cHyreflirtysihaiarenois-landard in ihe voltage 
classes under which they are included, 

Fio. 283.—Showing the type of construction as affected by voltage and oapacit:^ 
—25 cycle distribution transformers. 
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capacity, the high-voltage coils are necessarily wound ^th very 
small wire, and, therefore, circular coils are employed to give the 




Fig 284A.—Sheet metal parts of a transformer case prior to welding. 


requisite mechanical strength. This construction also permits 
. the use of cylindrical insulating barriers on which the coils can 
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be thoroughly braced against mechanical stresses and leads to 
the selection of group 3, the cruciform core type of construction. 
For large capacity transformers of relatively low voltage, the 
two important requirements are ventilation and mechanical 
bracing of the ends of the winding. For these requirements the 



Fig. 285.—Magnetic circuit of the distributed shell type of transformer (group 1). 

simple shell type of construction offers the best solution, as the 
vertical coils assure very thorough ventilation and the pancake 
coils can be thoroughly braced by clamps across the end of the 
winding. While the simple shell type (group 4) does not find a 



Fig. 286.—A group of coils of the distributed shell type transformer (group 1). 

very large field in distributing transformers—where in general the 
capacity is limited—^it does find a wide application in power 
transformers which will be discussed later. 

The most widely used distributing transformers are those of 
the distributed shell type (group 1). Figure 284 shows a typical 
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transformer of this type of 15-k.v.a. capacity. It will be observed 
that the transformer itself occupies only about one-half the 
total height of the case, thereby obtaining sufficient area of case to 
dissipate the heat. 

The case is made of sheet metal welded together. Figure 2844 
shows the five sheet-steel parts which are welded together to 
form the completed tank shown in Fig. 284. Figure 285 shows 
the form and construction of the magnetic circuit (see Fig, 278), 
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ikarisSvm 

iefumea/^ 






dime/piece 
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Fia. 287.—■Cross-section through coils, showing insulation, of the distributed 
shell typo transformer (group 1). 



Fig. 288.—Bushing for transformer of the 2;i00 volt cIush. 


and Fig. 286, a group of coils ready to receive the magnetic cir¬ 
cuit shown in Fig. 285. 1 igure 287 shows a typical cross-section 
through the winding of one of these transformers and indicates 
the disposition and character of the insulation employed. Figure 
288 shows the construction of the bushings in these transformers. 
This type of construction is used for voltages up to 4600 and 
capacities up to and including 25 k.v.a. (see Fig. 282); also for 
vo/tages up to 2300, up to and including 50 k.v.a. 
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For higher voltages and larger capacities, the rectangular core 
type of construction is used (see Fig. 279). Figure 289 shows a 
transformer of this type partially assembled and Fig. 290 is a cross- 
section through a part of the winding showing the method of insula- 
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tion is similar to that shown in Fig. 288, the difference simply 
being due to the higher voltage. 

The main difference between the transformers made according 
to group 1 (Fig. 278) and group 2 (Fig. 279) is that the latter 
may be more easily insulated and is therefore better suited for a 
higher voltage. 



Fig. 291.—Insulating barriers formed to rectangular shape. 

A construction in accordance with group 3 (Fig. 280) is suit¬ 
able for still higher voltages and is the type of construction that 
is used on all very high voltage designs. It is similar in all 
particulars to the construction of group 2 except that the coils 



Fig. 292.—Bushing for transformer of the 09tJ0-v<)lt class. 


are round instead of rectangular; the round coil is better suited 
to withstand the stresses due to short-circuit than is the rectangu¬ 
lar coil and hence is better adapted to high voltage where the 
space for leakage between primary and secondary is necessarily 
large and to large capacities where the short-circuit currents 
reach a high value. 
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Fiq. 293.—Coila and partially Fig. 294.—“Pancake” cod for 
built up core of a simple shell type a simple shell type transformer 
transformer (group 4). (group 4). 




Fig. 295.—Water cooled trans- Fig. 296.—Self cooled transformer, 
former shomns relative positions showing radiators attached to tank, 
of transformer and cooling ooils_» 
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293. Large Power Transformers.—For large-capacity trans¬ 
formers of moderate voltage, the shell type of construction is 
used. Figure 293 shows a 1500-k.v.a. transformer of this type 
in process of construction. Figure 294 shows one of the 
so-called ^^pancake’^ coils of such a transformer. The spacing 
strips between coils permit the circulation of oil for cooling 
purposes; these are made wavy as shown in Fig. 294 so that all 
parts of the coil will be exposed to the cooling oil flowing in the 
vertical ducts. 

Various methods of cooling are used—water cooling, air blast 
and self cooling. Figure 295 shows a shell-type transformer 
with the cooling coils, through which water is circulated to cool 
the oil, in place above the body of the transformer. Figure 296 
shows a typical self-cooled oil-insulated transformer; this is 
equipped with radiators so as to increase the surface that is 
exposed to the cooling air. 
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MAGNETIZING CURRENT AND IRON LOSS 

294. The E.M.F. Equation. —If in a transformer 
<i>a is the maximum flux threading the windings at no load, 

T is the number of turns in the winding, 

/ is the frequency of the applied e.m.f., then the flux threading 
the windings changes from 

to —^a in. the time of half a cycle, 
or the average rate of change of flux = X 2/, 
and the average voltage in the coil =4 
The effective voltage in the coil = average voltage X form 

factor, 

= 4 X form factor X 

T<t>4io-o. 

For a sine wave of e.m.f., the form factor = 1.11 and 

Ee/f = 4.44T<^„/10-*' volts. (64) 

296. The No-load Losses.—The losses in a transformer at no 
load are the hysteresis and eddy-current losses in the active 
iron, and the small eddy-current losses due to stray flux in the 
iron brackets and supports; these latter losses may be neglected 
if care is taken to keep the brackets away from stray fields. 

The hysteresis loss is usually taken = KB'-^fW watts, and 
the eddy-current loss = Kt{Bft)W watts, where 
K is the hysteresis constant and varies with the grade of iron, 
Ke is a constant which is inversely proportional to the electrical 
resistance of the iron, 

B is the maximum flux density in lines per square inch, 

/ is the frequency in cycles per second, 
t is the thickness of the laminations in inches, 

W is the weight of the iron in pounds. 

Hysteresis loss up to a value of B = about 75,000 lines per 
square inch varies, as indicated above, approximately as 
Above this value, the exponent begins to increase. ^ As shown in 
Fig. 298, losses in the usual commercial grades of transformer iron 
^ See artide by T. Spooner, Elec. Jour., March, 1926, p. 132 et seq. 
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appear as nearly.straight lines when plotted on sin^e log paper, 
indicating that the losses (both hs^steresis and eddy-current 
combined) can be closely represented by an expression of the form 

Loss = KfiW 
where Ki is a constant 
W is the wei^t of iron, 
and B is the magnetic density. 

The eddy-current loss == iV, where r is the resistance of the 
eddy-current path and i, the eddy current = therefore the 

eddy-current loss = where e, the voltage producing the eddy 

current is proportional to the flux density, the frequency and 
the thickness of the iron. 

The eddy-cuirent loss may be reduced by a reduction in the 
thickness of the laminations, but this reduction cannot be carried 
to extreme because, for a given volume of core, the space taken 
up by the insulation on the laminations depends on their thick¬ 
ness; as they become thinner the amount of iron in the core 
decreases, the flux density for a given total flux increases, and 
finally a value is reached at which the amount of iron in the 
core is so small that the increase in flux density, and therefore 
in iron loss, more than compensates for the reduction in the eddy- 
current loss due to the reduction in the value of t The iron 
which is used for other electrical machinery and is 0.014 in. thick 
is also that in most general use for transformers up to frequencies 
of 60 cycles. 

When ordinary iron under pressure, as in the core of a trans¬ 
former or other electrical machine, is subjected to a temperature 
of over 80° C. for a period of the order of 6 months, it will be 
found that the hysteresis loss has increased from 10 to 20 per 
cent due to what is known as ageing. This ageing causes the 
iron loss and the temperature of a transformer to increase and 
the eflSciency to decrease, but is not of importance in revolving 
machinery, because in such machines the hysteresis loss is only 
a small part of the total iron loss. Special alloyed iron (high 
in silicon) shows very little ageing. 

The hysteresis loss in a transformer is affected by the wave 
form of the applied e.m.f. because, as shown by the equation 
= 4 X form factor X 70^10"® 

for a given voltage, the higher the form factor, the lower the flux, 
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the lower the flux density and, therefore, the lower the hysteresis 
loss. A wave with a high form factor is peaked, so that the 
advantage of low hysteresis loss is counteracted by the fact that 
the peaked e.m.f. has the greater tendency to puncture the insula¬ 
tion; a sine wave is the best for all conditions of operation. 

296. The Exciting Current.—^Assume flrst that the maYimiiTn 
flux density in the transformer core is below the point of satura- 




Fxg, 297.—Curves of flux and matsnotizing current. 

tion, SO that the magnetizing current is directly proportional to 
the flux; then, if the flux varies according to a sine law, the mag¬ 
netizing current also follows a sine law, as shown in diagram A, 
Fig. 297. 

For the given value of Bmj the corresponding maximum 
ampere-turns per inch of core may be found from Fig. 47, page 
49, and the effective magnetizing current Im 
__ maximum ampere-turn s j^er i nch X length of magnetic path 

V2XT 

or = maximum ampere-turns per inch X 
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Now E = 4.44r<^ J10-», 

= 4.44r£mA^10”®, where A* is the core area in 
square inches. 

Therefore Elm = a constant X BmX ampere-turns per inch 
X AcLm X /> 

= a constant X function of B„ X core weight 
X/; 

since ampere-turns per inch depend on Bm and AcLmi the core 
volume, is proportional to the core weight; therefore 





Volt^amperes of excitation per pound of iron. 

Fia. 298.—Iron loss curves for iriinsforriUT <loHiKn. 


— — = the magnetizing volt amperes per pound, 

== a function of Bm X /. 

When the core is saturated at the higher densities, the curve 
of magnetizing current is no longer a sine curve but is peaked, 
as shown in diagram B, Fig. 297, because, as the points of high 
density are reached, the current increases faster than the flux on 
account of saturation, so that it is not possible to use the curves 
in Fig. 47 directly; a correction factor must be applied because of 
the form of the wave; in practice a different method is followed 
which allows the effect of joints, saturation and losses all to be 
taken into account. 
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It was shown that the magnetizing volt amperes per pound 
= a function of X f, 
the iron loss per pound = 

= a function of Bm for a given thickness 
and frequency; 

therefore the exciting volt amperes per pound 
= V (magnetizing volt ampere perpound)®+ (ironlossperpound)®, 



Ijoss —Watts per pound. 

Fio. 2<.)1).—V<)lt-Jiini>creH of exeltutioii for transformers. 


= a function of for a given thickness and frequency. 

If then a small test transformer be made of the material to be 
used for a line of transformers, and tested at no load for exciting 
current and iron loss, the results may be plotted against maximum 
flux density as shown in Figs. 298 and 299, where test results are 
given for iron at 25 and at 60 cycles. In using these curves, par¬ 
ticularly Fig. 299 it should be borne in mind that there may be 
expected a variation of some 25 per cent most of which depends 
on the care used in eliminating air-gaps at the joints in the iron. 
Example ,—A transformer is constructed as follows: 

Weight of core. 1760 lb. (4 per cent silicon steel). 

Turns of primary winding. 526. 

Output. 300 k.v.a. 

Primary voltage. 12,000. 
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Fretiueney. 60 cycles. 

Core section. 122 sq. in, 

<t>a -8.6 X 10® (from formula 64, p. 439). 

8 6 X 10® 

^ 22 —. 70,000 lines per square inch. 

Apparent volt amperes. 4.4 X 1760 (from Fig. 299) « 2.68 

per cent of output. 

Iron loss. 0.98 X 1760 (from Fig. 298) = 0.57 

per cent of output. 

In the case of transformers which have a butt joint in the 
magnetic circuit, it is necessary to insulate each joint with a 




B 



A 


Fia. 300.—Eddy currents in transformer joiat-s. 


layer of tough paper 0.005 in. thick to keep clown the eddy- 
current loss, otherwise the flux will send currents across the face 
of the joint, as shown in diagram A, Fig. 300, because the lamina¬ 
tions generally lie staggered as shown in diagram /?. In such 
transformers these joints must be figured as air-gaps which 
have a thickness of 0.005 in. and 
the effective ampere-turns for each joint 

maximum ampere-tums 

V2 ’ 

_ X air-gap 

X 3.2 ' 










CHAPTEK XXXVIII 
LEAKAGE REACTANCE 

297. Core Type with Two Coils per Leg.—Figure 301 shows the 
leakage paths for a core type transformer which has one primary 
and one secondary coil on each leg; the secondary is wound next 
to the core. 



Fio. 302. 

Figs. 301 and 302.—Leakage paths in core-type transformers. 

The m.m.fs. of the two coils, as shown in Fig. 274, are equal 
and opposite, and the currents are shown at one instant by 
crosses and dots. The leakage flux passes between the coils 
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and returns by way of the core on one side, and through the air 
on the other side; the space S is like the center of a long thin 
solenoid, and the return path of the leakage 3ux that links the 
primary coil has an infinite section so that its reluctance may be 
neglected; the return path for the flux that links the secondary 
coil is through the iron core, and its reluctance may also be 
neglected. 

The m.m.f. between the top and bottom of the coils for dif¬ 
ferent depths y is given by curve 1, 

the m.m.f. at depth y = T-th X ^ ampere-turns; 

therefore the flux = Z.2TJ[^ X X dy units. 

0,2 ^ 


This flux links tJ~ turns of the secondary coil, and the inter- 
02 


linkages per unit current = 




^ X^Xdy, 


the coefficient of self-induction of the secondary coil due to the 
leakage flux which passes through the coil 

r i 

y^dy 


= 3.2 X ^ X Tr 


Jo ^ 


X 10-*. 


= 3.2 X ^ X Tj* X y X 10-8 henry. 

The m.m.f. along the space between coils 

= TJi = ^ 2/2 ampere-turns; therefore the flux 
which passes between the coils 

= 3.2 X X T 2 I 2 ] since half of this flux may 

be assumed to link the primary and the other half the second¬ 
ary coil, the coefficient of self-induction of the secondary coil 
due to this flux 

= 3.2 X ^ X Ta* X I X 10-8 henry; 


the total coefficient of self-induction of the secondary coil 
= 3.2 X ^ X X 10-8(^ + henry; 


the leakage reactance of each secondary coil 

- 2 */ X 3.2 X ^ X T 2 * X 10-»(^ +1); 
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amilarly the leakage reactance of each primary coil 
= 2 t/ X 3.2r,* X ^(1 + I) 10-*, 
and X„ the equivalent secondary reactance, 

=z*+ 

= 2i^ X 3.2 X Ta* X ^{S + J+ f )l0-*; (66) 

also the equivalent primary reactance 

= 2trf X 3.2 X Ti* X + J+ ^“)l0-»- 

If the coils on the two legs are coimected in series the total 
reactance will have double the above value, and if connected in 
parallel will have half the value. 

298. Core-type Transformers with Split Secondary Coils.— 
Figure 302 shows the leakage paths for one leg of such a 
transformer. 

The m.m.f. between the top and bottom of the coils for dif¬ 
ferent depths of winding space is given by curve 1, and the dis¬ 
tribution of leakage flux is symmetrical about the line ab. 

Consider coil 2 and half of coil 1, the equivalent primary 
reactance, 

= 2v/ X 3.2 X ( 2 ')' f )l0-«» 

and, similarly, for coil 8 and the other half of coil 1, the equivalent 
primary reactance has the same value; therefore the total 
equivalent primary reactance 

= -Wf X 3.2 X Y X + 0 

= t/ X 3.2 X Ti* X (66) 

which is between half and quarter of the value given in formula 
(65), for the case where the coils are not split up. 

299. Shell-t 3 rpe Transformer.—One coil of this type of trans¬ 
former is shown in Fig. 294; these coils are nested together as 
shown in Fig. 293. A cross-section through a group of these 
coils is shown in Fig. 303, which also shows the distribution of the 
leakage flux. The distribution of leakage flux is symmetrical 
about the lines a, 6, and c, and for one primary and one secondary 
coil the equivalent primary reactance 
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= 2x/ X 3.2 XT^^X^(s + ^+ f) 10-3 ohms, (67) 

where Mr is the mean turn of coil; the total equivalent primary 
reactance when the primary coils are all in series 



T| turns 

Pig. 303.—Leakage paths in shell-type transformers. 


- 2rf X 3.2 X T.- X (S + I + |) 10 -. X number of pri- 
mary coils. 

This gives a value which is low; the error, however, seldom 
exceeds 6 per cent. 



CHAPTER XXXIX 

TRANSFORMER INSULATION 

The insulation of transformers differs from that of the machines 
previously discussed in that it is usually submerged in oil. 

300. Transformer Oil.—Oil has the following properties which 
make it valuable for high-voltage insulation: It fills up all the 
spaces in the windings; it is a better insulator than air at normal 
pressure; it can be set in rapid circulation so as to carry heat from 
the small surface of the transformer to the large surface of the 
tank; it has a fairly high specific heat, and will allow the trans¬ 
former immersed in it to carry a heavy overload for a short time 
without excessive temperature rise; it will quench an arc. 

To be suitable for transformer insulation and cooling, the oil 
should be light over the range of temperature through which the 
transformer may have to operate, because the ability of the oil to 
carry heat readily from the transformer to the case or cooling 
coils depends on its viscosity; it must be free from moisture, 
acid, alkali, sulphur, or other materials which might impair the 
insulation of the transformer; it must have as high a flash point as 
is consistent with low viscosity and must evaporate very slowly 
up to temperatures of 100° C. 

The oil largely used is a mineral oil which begins to bum at 
149° C., has a flash point of 139° C., a specific gravity of 0.83, 
and a dielectric strength greater than 40,000 volts when tested 
between J^-in. spheres spaced 0.15 in. apart. 

The dielectric strength is greatly reduced by the addition 
of moisture; 0.04 per cent of moisture will reduce the dielectric 
strength about 50 per cent. This moisture may be removed by 
filtering the oil under pressure through dry blotting paper. 
Suitable drying and purifying outfits are available and should be 
employed as soon as any deterioration of the insulating value of 
the oil is noted. When a transformer is in operation, the oil 
may be sampled by drawing some off from the bottom of the 
tank through a tap provided for the purpose; the bulk of the 
moisture settles to the bottom. 
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Only materials which are not attacked by nor are soluble in trans¬ 
former oil should be used for transformer insulation; the materials 
generally used are cotton, paper, wood and special varnishes. 

Wood, which is largely used for spacers, must be free from 
knots, and, in the case of maple, must also be free from sugar. 
Maple and ash are largely used, and, to insure that they are free 
from moisture, they are baked and then impregnated with 
compound, or are boiled for about 24 hours 
in transformer oil at 110® C. 

Fullerboard and pressboard are largely 
used for spacers in transformers; the latter 
material has a laminated structure, so that 
impurities seldom go through the total 
thickness of the piece; it also bends readily, 
so that there is no objection to its use in 
sheets in. thick. When baked and then 
allowed to soak in transformer oil 
pressboard will withstand about 30,000 volts. 

Only varnishes which are specially made 
for transformer work should be used for 
impregnating coils; other varnishes may bo 
soluble in hot transformer oil. 

301, Surface Leakage.—Figure 304 shows 
two electrodes in air with pressboard 
between them. When the difference of 
potential between the two electrodes is 
increased, streamers will creep along the sur¬ 
face of the pressboard and finally form a short-circuit between 
the electrodes. 

The distribution of the dielectric flux is shown in the two cases, 
and in diagram A the stress around the electrodes is much larger 
than in diagram B, The mechanism of the break-down due 
to surface leakage is not definitely known; creepage takes place 
under oil as well as in air, but the creepage distance under oil is 
only about one-third of that in air for the same test conditions. 

The following tests^ were made on a sheet of pressboard which 
was dried and then boiled in transformer oil: 

Tested as in diagram A:L = 6 in.; < = 0.095 in.; creepage dis¬ 
tance = 12.095 in.; voltage to cause arcing across the surface = 
40,000 volts. 

1 A. B. Hendricks, Trans, A. I. B. E., Vol. 30, p. 295. 
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Tested as in diagram B\L in. = the creepage distance; 
voltage to cause arcing across the surface = 50,000 volts. 

Figure 306 shows the results of similar tests made under oil, 
different thicknesses of pressboard being obtained by increasing 
the number of sheets; it may be seen from the curves that an 
increase in the thickness of the insulation has little effect on the 
creepage distance between two electrodes that are on the same 
side of the sheet, but has a large effect on the creepage distance 
around the end, the reason being that in the former case, shown 
in diagram S, the distribution of stress around the electrode 



Fig. 305. — Creeiiage volttiKo on oiled prc'Hslx^ard. C’onditions of test; Press- 
board 0.095 in. thick, boiled in transformer oil, then tested under oil for creep- 
age voltage with the electrodes first on the same side of the pressboard and then 
on opposite sides. 

is almost independent of the thickness of the material on which 
the electrodes rest, while in diagram A the dielectric flux passing 
through the material is inversely proportional to the thickness 
between electrodes, so that the greater the thickness the lower 
the stress around the electrodes. Trouble due to surface leakage 
is often eliminated more economically by an increase in the thick¬ 
ness of the dielectric than by an increase in the creepage length. 

302. Transformer Bushings.^—The terminals of the high- and 
low-voltage windings have to be brought out of the tank through 
bushings. For voltages up to about 25,000 above ground, bush¬ 
ings made of porcelain or of composition are used. These 
1 A. B. Eeynders, Tram, A. I. E. E., Vol. 28, p. 209. 
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bushings extend below the surface of the oil at one end; the other 
end is carried above the tank to a height sufficient to prevent 
break-down due to surface leakage. 

Figure 306 shows a bushing built to withstand a puncture test 
of 200,000 volts to ground for 1 minute. Diagram B shows the 
distribution of dielectric flux across a section of the bushing at 
xy, and since the strain in the material is proportional to the 
dielectric flux density, this strain is a maximum at the surface 
of the conductor and a minimum at the outer surface of the 



'o' 

A 


Fig. 306.—Solid bushing to withstand a x>n*w‘tiiro tost of 200,000 volts for 

one minute. 

bushing; the strain at any point is proportional to the poten¬ 
tial gradient at the point, the curve of which is shown. 

To reduce the maximum value of the potential gradient it is 
necessary to reduce the dielectric flux density at the surface of 
the conductor, which may be done by increasing the diameter of 
the conductor without reducing the thickness of the bushing, or 
by increasing the thickness of the bushing. 

In order to make the outer layers of the bushing carry their 
proper share of the voltage, the condenser type of bushing shown 
in Fig. 307 was designed. It consists of a number of concentric 
condensers of tin-foil and paper in series between the center 
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conductor and the cover of the tank. When condenisers are put 
in series, the voltage drop across each is inversely proportional 
to its electric capacity so that, in the condenser type of bushing, 
if each concentric condenser have the same thickness and the 
same capacity, the voltages across the different layers will all be 
equal and the strain will be uniform through the thickness of the 
bushing. 



Fig. 307.—Diagrammatic representation of a condenser bushing. 


The capacity of such condensers is proportional to 
area of pl a tes 
thickness of dielectric 

so that, if the thickness of the different layers of dielectric, and 
also the area wDL of the different layers of tin-foil, be kept con¬ 
stant, the voltage across each thickness of insulation will be 
equal to the total voltage divided by the number of layers. 

A bushing built with equal areas of plate and equal thicknesses 
of dielectric has the shape shown in diagram B; in such a case 
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the voltages across the different layers are all equal, but the 
distance between two adjacent layers of tin-foil at a is greater 
than at 6, so that the bushing is not economically designed for 
surface leakage. Condenser bushings are generally constructed 
as shown in diagr a-m A-, the surface distance between layers of 
tin-foil is constant, and the creepage distance under oil is con¬ 
siderably less than in air. 

When such a bushing is in operation, lines of dielectric flux 
pass through the air as shown in diagram D, and since the edge 



M I I U I M 

D C 

Fig. 308,—Oil-fillod bushiiiK- 


of the tin-foil is thin, the stress in the air at that edge is large 
and the air breaks down there, forming a corona. The corona 
contains ozone and oxides of nitrogen which attack the adjoining 
insulation and finally cause break-down of the bushing. To 
prevent the corona from forming it is necessary to eliminate the 
air from around the bushing, and for this purpose the bushing 
is surrounded by a cylinder of fiber shown at C, which is then 
filled up with compound. 

Another type of bushing which is largely used for high-voltage 
work is the compound or oil-filled bushing of which a section is 
shown in Fig. 308. This type of bushing is built up of composi- 
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tion rings which are carefully fitted into one another and then 
clamped between two metal heads by a bolt C which acts as the 
conductor. The creepage distance is obtained by building 
rings B of composition into the bushing. The whole center of 
the bushing is filled with compound or thick oil into which baffles 
of pressboard are placed as shown at D to prevent lining up of 
impurities in the compound along the lines of stress. 

figure 309 shows a solid bushing, a condenser bushing, and an 
oil-filled bushing, all able to withstand a puncture test of 200,000 
volts for 1 min. 



-H4 




Condenser. Oil Filled. 

Fig, 309.—Jiihsliings liuilfc to witlistaud 200,000 volts for one minute. 



303. Insulation of Coils.—In most high-voltage shell-type 
transformers of moderate output, and in all core-type trans¬ 
formers, the high-voltage coils have several turns per layer, and 
the voltage between end turns of adjacent layers, which is equal 
to the volts per turn multiplied by twice the turns per layer, may 
become high, so that, while the cotton covering on the wire is 
generally sufficient for the insulation of adjacent conductors in 
the same layer, it is necessary to supply additional insulation 
between adjacent layers of the coils. It is also necessary to 
provide sufficient creepage distance, which is done, where the 
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For high-voltage transformers it is advisable to mfllre the high- 
voltage winding of a number of coils in series with ample creepage 
distance and ample insulation between them, and to limit the 
voltage per coil to about 6000. The voltage between layers 
should not, if possible, exceed 350 volts. 



LT. H7. 



0 . 0 , wire 

014'lB'uller>board 
between Layers 


0.02 Micanlte 
O.io'^ress-board 

|HiJiap OottOA Tape 
OoUs are 
Impregnated 



Fig. 312. — Insulation for a 2200/220 volt transformer. 


304. Extra Insulation on the End Turns of the High-voltage 
Winding .'—A condenser consists of two conductors with dielectric 
between, so that the high- and low-voltage windings of a trans- 

* Walter S. Moody, Tram. A. L E. E., Vol. 26, p. 1173. 
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former, with the oil between, form a condenser; so also is there 
an electrostatic capacity between the high-voltage winding and 
the tank and between the low-voltage winding and the tank. 
A transformer may therefore be represented diagrammatically 
by a distributed inductance and capacity as shown in Fig. 310. 

Suppose that the transformer is disconnected from the line and 
all at the ground potential. If the potential of one end A of 
the high-voltage winding be suddenly raised to a value E, the 
potential of the whole high-voltage winding will gradually rise 
to the same value. The potential cannot rise instantaneously; 
the voltage at B, for example, cannot reach the value E until the 
condensers at that point have been charged to a value Q = idi — 
CE, where C is the electro-static capacity between point B and the 
ground. The charging current i has to flow through the winding 
to B, and this takes a definite, though very short, time. The 
condensers near A will be charged first and the potential above 
groimd of each point in the high-voltage winding is ©ven by 
curves 1, 2 and 3 at successive instants. 

At the instant after switching represented by curve 1, the 
difference of potential between two points A and D, that is, 
across the first few turns of the winding, == Ei, which is almost 
equal to the full potential E] because of this high voltage between 
turns, it is necessary to insulate the end turns from one another 
for a voltage between turns of many times the normal value. 

Any sudden change in the potential of a transformer terminal, 
such as that due to switching or to grounding of a line, will 
produce this high voltage between end turns. 

Diagram A, Fig. 311, shows a method of insulating the end 
turns of a coil for a shell-type transformer, when the coil is of 
wire wound in layers, and diagram B, for a coil wound with strip 
copper. This extra insulation is put on each end of the high- 
voltage winding for a distance of about 75 ft., and then any taps 
that are required for the purpose of changing the transformer 
ratio are connected to the inside of the winding, so that the 
extra insulation is always on the end turns. 

306. Insulation between the Windings and Core.—Figure 312 
shows the method of insulating a small core-type distributing 
transformer wound for 220^20 volts. Further details of this 
insulation are shown in Figs. 287 and 290. Figures 287 and 
290 show particularly the insulation between the primary and 
secondary windings. 



Kilovolts 


TRANSFORMER INSULATION 



Fig. 313.—Insulation for a shell-type transformer. 



Values from Curves 1 and 2 in Inches 


10 15 

Values itom Curve 8 in laches 

Fig. 314.—Spadngs for the coils of shell-type transformers. 
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Figure 313 shows an example of a shell-type transformer wound 
for moderate voltage; an illustration of such a winding and 
insulation is shown in Figs. 293 and 294. The various spacings 
used for different voltages are given in Pig. 314, where curve 1 
gives the distance between high- and low-voltage windings and 
also between the high-voltage winding and the core; curve 2 gives 
the total thickness of the pressboard in this distance; curve 3 



Tig. 315.—Insulation for 110,000 volts. 

gives the distance X between the high-voltage coil and the iron 
at the top and bottom of the core. 

Figure 315 shows an example of a shell-type transformer wound 

for volts for operation in a Y-connected bank on 

110,000 volts; the insulation to ground, and also from high- 
to low-voltage winding, is the same as that for a 110,000-volt 
transformer. One-quarter of the total winding is shown in 
plan; there are 12 high-voltage coils, so that the voltage per coil 
= 5300. 
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306. The Los&es.—The losses in a transformer are: the iron 
loss, the loss in the dielectric and the copper loss. 

The iron loss has already been discussed in Art. 295, page 439. 

The loss in the dielectric, about which very little is known, 
causes the material to heat up and its (helectric strength to 
decrease. The loss is kept small by the use of ample distances 
between points at different potential, and the heating is kept 
BTnftll by a liberal supply of oil ducts through the insulation: 
the layers of solid insulation should not be thicker than 0.25 in. 

307. The Copper Loss. 

If MT is the mea.n turn of a transformer coil in inches, 

M is the section of the wire in the coil in circular mils, 

I is the effective current in each turn of the coil, 

MT 

then the resistance of each turn = ohms 

MT X P 

and the loss per coil in watts =-— X turns. (67) 

In addition to the above copper loss there is the eddy-current 
loss in the conductors, which may be large if the conductors are 
not properly laminated or arranged so that the leakage flux cuts 
their narrow sides. Diagram B, Fig. 316, shows part of the 
winding of a core-type transformer and the direction of the alter¬ 
nating leakage flux at one instant. If the coils are wound of 
strip copper on edge as shown at E, then eddy currents will flow 
in the direction shown by the crosses and dots, and the loss will 
be much larger than if the coils are wound with flat strip as 
shown at A. 

Diagram D, Fig. 316, shows part of the winding of a shell-type 
transformer, and the direction of the leakage flux and the eddy 
currents at one instant. If such a coil is laminated in the direc¬ 
tion of the leakage lines, it will be weakened mechanically; for 
that reason it is not advisable to laminate the conductors unless 
they are wider than O.S in. for 60 cycles, or 0.75 in. for 25 cycles, 
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for which values, aad for ordinary current densities, the eddy- 
current loss will be about 20 per cent of the calculated PR loss. 

Even after the conductors of a core-type transformer have been 
laminated, considerable eddy-current loss may under certain 
circumstances be foimd in the windings; for example. A, Fig. 
316, shows part of the winding of a low-voltage large-current 
transformer where the coil is made up of four wires in parallel; 
eddy currents tend to flow in the direction represented at one 
instant by the crosses and dots, and since the parallel wires 
are aU connected together at the ends, the current will flow down 





F 

Fiq. 316.—-Eddy currents in transformer coils. 


one wire a, cross through the soldered joint at the end to wire 6, 
up which it will pass and then return by the other soldered joint 
to conductor a, so that if the coil is developed on to a plane, the 
currents will flow as shown in diagram C. To eliminate this 
circulating current the bunch of wires is given a half twist, as 
shown at F, so that in any one strip there are two e.m.fs., pro¬ 
duced by the leakage flux, which are equal and opposite, the 
resultant e.m.f. is therefore zero and no circulating current will 
flow, 

308. The Efficiency. 

If CL is the iron or core loss in watts, 
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DR the copper loss in watts, 

El the output of the transformer in watts, 

then 17 , the efficiency, = — output - 

’ output + losses 

El 

El + PR + CL 

The efficiency is a maximxun when 


or {El + PR + CL)E - EI{E + 2IR) = 0, 
or PR = CL] 

that is, when the copper loss is equal to the core loss. 

The all-day efficiency, which is of importance in distributing 
transformers, is defined by the following equation: 

El X X 

^.day effldenoy - gj x X + CZ, X 24 + J-g X X* 
where X is the number of hours during which the transformer is 
loaded each day, and 24 is the number of hours during which the 
iron loss is supplied. Distributing transformers should therefore 
be designed to have as small a core loss as possible, because this 
loss has to be supplied continuously. 

309. Heating of Transformers.—^When a transformer is in 
operation under oil, the heat generated in the core and windings 
has to be carried to the tank, from the external surface of which 
it is dissipated to the air. When the oil in contact with the trans¬ 
former surface is heated, it becomes lighter and rises, and cool 
oil flows in from the bottom of the tank to take its place, so that 
a circulation of oil is set up, as shown in Fig. 317. That it may cir¬ 
culate freely the oil should have a low viscosity, and the lighter 
the oil the better it is as a cooling medium for transformers. 

310. The Temperature Gradient in the Oil.—Figure 317 shows 
a core-type transformer and also shows the temperature of the 
oil at different points along its surface. At the bottom of the 
tank, the oil temperature is Ti,; the oil moves along the circulation 
path and its temperature rises and reaches a maximum value Tt 
at the top of the transformer; it then passes to the tank and, 
as it moves downward, the heat is gradually given up to the tank. 
After a number of hours, during which the whole body of the 
transformer and the oil are absorbing heat and being raised in 
temperature, conditions become fixed, the oil circulation and 
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its temperature cycle become defimte, and the different points 
of the transformer have their maximum temperature. 

311. The Temperature Gradient in a Core-type Transformer. 
Consider the core of the transformer shown in Fig. 317. Iron 
is a good conductor of heat along the laminations, so that the 
difference in temperature between the points A and B of the 
core caimot be great, and the difference in temperature between 
the core and the adjacent oil must be greater at the bottom of 
the core than at the top; because of this, much of the heat 


Oil Level 



Fig. 317.—Temperature gradient in a (^ore-type transformer. 

generated in the top part of the core is conducted downward 
and dissipated from the surface at the bottom; that is, the 
bottom part of the core surface is more active than the top part 
in dissipating the heat due to the iron losses. 

The conditions are different for the windings. These are 
formed of insulated wire wound in layers, and, because of the 
number of layers of insulation in the lerigth of the coil, very 
little of the heat generated in the top turns will be conducted 
downward through the winding. Most of the heat generated at 
any point in the winding will be conducted to and dissipated 
from the nearest coil surface, so that the watts dissipated per 
unit area of coil surface, and therefore the temperature difference 
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between the coil surface and the adjacent oil will be approxi¬ 
mately constant at all points, and the temperature of the surface 
of the coil will be a maximum at the top of the transformer. 
The hottest part of the whole winding will be at C. 

Measurement of the temperature rise by resistance gives little 
information as to the temperature of the hottest part of the coil 
of a core-type transformer, because the temperature so found 
is the average temperature and may be less than that of the oil 
measured at the top of the transformer. 



312. The Temperature Gradient in a Shell-type Transformer. 
Figure 318 shows such a transformer. Since the core is lami¬ 
nated horizontally, and since iron is a poor conductor of heat across 
the laminations, most of the heat generated at any point in the 
core is conducted to and dissipated from the nearest core surface, 
so that each part of the core surface is equally active in dissipating 
heat, and the temperature of the core is a maximum at the top 
and a minimum at the bottom. 

The conditions are different for the windings. These are 
made up of what are known as pancake coils, wliich are thin and 
have a large radiating surface. Since the top layers of the 
winding at A are connected directly to the bottom layers at B 
by a short length of copper, the temperature difference between 
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A and B cannot be very great, and the difference in temperature 
between the winding and the adjacent oil must be greater at the 
bottom than at the top. Because of this, much of the heat 
generated in the top part of the winding is conducted downward 
and dissipated from the winding surface at the bottom of the coil. 
The temperature of the winding is more uniform throughout 
than in a core-type transformer, and resistance measurements 
are of more value. 



0.1 0.2 0.3 0.4 0.6 

Watts per Sq. In. Barrel Surface 

Tig. 319.—Heating curves for transformer tanks. 


313. The Temperature of the Oil.—The rise in temperature of 
the oil over that of the external air depends principally on the 
loss to be dissipated, and on the external surface of the tank. 

The heat in the oil is transmitted through the tank and 
dissipated from its external surface. A small part of this heat is 
dissipated by direct radiation, but most of the heat is dissipated 
by convection air currents which flow up the sides of the tank. 
For a plain boiler-plate tank, without ribs or corrugations, the 
highest temperature rise of the oil is plotted against watts per 
square inch external surface in Fig. 319, for a tank which is 
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round in section, and which has a height of approximately 1.5 
t-iTyiftH the diameter. This temperature rise is made up princi¬ 
pally of the temperature difference between the air and the tank, 
and that between the tank and the oil; the former is about three 
times as large as the latter. 

The temperature rise of the oil may be reduced by increasing 
the surface of the tank which is readily done by making it 



Fia. 320.—Oil insulated, sclf-coolod transformer with corrugations in tank sur* 
face to incroaso heat dissipatins surface. 

corrugated, as shown in Fig. 320 and also in Fig. 296. This 
increase in surface does not increase the direct radiation from 
the tank, because only that component of surface which is 
perpendicular to a radius is effective; for this reason and also 
because air does not circulate so freely in the corrugations as 
it does at the surface of a cylindrical or flat surface exposed 
directly to the air, the watts per square inch for a given tem¬ 
perature rise does not increase directly as the increase in surface. 
Consider the curve in Fig. 319 for corrugations 3 in. deep and 
spaced 1 in. apart; the external surface of the tank is increased 
about 6.5 times, while the watts per square inch for a given 
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temperature rise is increased only about 60 per cent over the 
value for a plain boiler-plate tank. 

Figure 321 shows the results of tests on a boileavplate tank with 
external pipes added to improve the heat dissipation. It will be 
seen from curves 1 and 2 that the watts per square inch of total 
surface for a given temperature rise is almost as large in the 
special tank as in the plain boileivplate tank or, comparing curves 
1 and 3, the surface of the special tank is 2.8 times that of the 

go I-,-1-1-1-1-^-1-^-1 



0.1 0.2 0.8 0.1 0.6 0.6 0.T 0.8 0.8 


Watts per Sq. Inoh 

Fig. 321.—Heating curves for transformer tanks. 


plain boiler-plate tank, while the watts per square inch for a given 
temperature rise is increased about 2.5 times. 

Figure 296 shows the method of increasing radiating surface 
that is used in modern self-cooled transformers. 

314. Air-blast Transformers.—Figures 322 and 323 show such 
a transformer. The problem in this case is like that discussed 
fully on page 283 on the heating of turbo-generators; 150 cu. ft. 
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of air is supplied per minute per kilowatt loss, and the averse 
temperature of the air increases about 12® C. between the inlet 
and outlet. The temperature of the coils and core is kept 
within reasonable values by providing the necessary radiating 
surface, using the formula, 

watts per square inch for 1° C. rise = 0.01 + 0.025F, 
where the temperature rise is measured on the surface and V 
is the velocity of the air across the surface in thousands of feet 
per minute. 



Fio. 322.—Air bhist traiiaformer of tho Fia. 323.—Air blast transformer—ex 
shell typo—outside case removed. tcrniil view. 


The air used should be filtered; otherwise the ducts will 
become clogged up with dust and the transformer will get hot. 
Dampers are usually supplied at the top of the case so that 
the distribution of the air through the core and coils may be 
controlled. 

316. Water-cooled Transformers.—If coils of copper pipe 
carrying water be placed at the top of the case as shown in Fig. 
295, then the oil which is heated by contact with the transformer 
will rise and carry the heat to the cooling coils. 
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If ti is the inlet temperature of the water, 
to is that at the outlet, 

then each pound of water passing through the coils per minute 
takes with it {to — U) lb. calories per minute, 
or 32 (io — U) watts. 

With 2.5 lb. of water per minute per kilowatt loss the average 
temperature rise of the water will be 12.5® C. 

It is advisable in water-cooled transformers to immerse the 
whole of the cooling coil; otherwise, due to the low temperature 
of the water passing through, moisture will deposit on the coil 
and get into the oil. The coil should be of seamless copper tube 
about IJ'i in. external diameter, and the drain tap should be 
at the bottom of the spiral so that, when not in operation, the 
spiral will be empty and therefore will not burst in frosty weather. 

316. Heating Constants Used in Practice.—The calculation of 
the temperature rise of a transformer is so complicated by the oil 
circulation, and by the temperature gradient in the oil, coils and 
core that, until the results of a complete investigation of the 
subject are available, empirical constants will have to be used. 

The necessary tank surface for a given loss is found from Fig, 
319. 

The watts per square inch coil surface 

= 0.35 for self-cooled shell-type coils wound with small wire; 

= 0.4 for self-cooled shell-type coils wound with strip copper; 

= 0.35 for small core-type transformers; these figures may be 
increased 20 per cent for transformers which are water cooled or 
cooled by forced draft. 

The watts per square inch iron surface 

= 1.0 for both core and shell type; the area of cooling surface 
is taken as the edge surface and half of that part of the flat 
surface which is exposed to the oil circulation (see Art. 317). 

The watts per square inch water pipe surface 

= 1.0 for a 1.25-in. pipe, the supply being 2.5 lb. per minute 
per kilowatt loss. 

317. Effect of Ducts.—It is difficult to determine how effective 
the ducts are in keeping a transformer core cool. Figure 324 
shows a block of iron which is laminated vertically. The hottest 
part of the iron is at A and the temperature difference from A 
to B 

= Tabi 

= (watts per cubic inch) deg. Cent. (p. 124); 

o 
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that between A and C 

= To, (assuming that the thermal resistance across 
the laminations is fifty-six times that along them), 

=» (watts per cubic inch) deg. Cent. 

The temperature difference be¬ 
tween surface B and the oil 
= (watts per cubic ineh)y X 16, 
since the temperature difference be¬ 
tween the iron and the adjoining oil 
is 16® C. per watt per square inch. 

The temperature difference between 
surface C and the oU 
• = (watts per cubic inch)X X 16. 

The relative heat resistance of the 
two paths may be taken approxi¬ 
mately as 

path B _ \3 } 

pathC 

V 3 J Fig. 324.—Heat paths in a 

' 1 • transformer core. 

If the ducts are spaced 2 in. apart, 

so that X = l.O in., then for different values of Y the relative 
heat resistance may be found from the following table: 

Relativk FIrat Resistanck 




Along 

Across 

X 

Y 

Laminations 

Laminations 

1 in. 

1 in. 

0.48 

1.0 

1 in. 

2 in. 

1.0 

1.0 

1 in. 

3 in. 

1,5 

1.0 

1 in. 

4 in. 

2.0 

1.0 


That is, for the particular values taken, the duct surface is half as 
effective as that of the edge, if it is as well supplied with cool oil, 
that is, if the ducts are vertical and of sufficient width to allow 
free circulation. 

Modern transformers do not use ducts in the iron, depending 
on the escape of heat from the edges of the iron to keep the iron 
at a reasonable temperature. 

318. The Maximum Temperature in the Coils.—Although the 
maximum temperature in the coils of a transformer cannot readily 
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be determined, it is necessary to find out on what it depends and 
what its probable value may be. 

In Fig. 325, which shows part of the coil of a transformer, let 
the thickness of the coil be small compared with the mean turn 
MT, and assume that the heat passes in both directions from the 
center line L. 




Fig. 326.—Part of a transformer coil showing insulation botwoon layers. 


If, of the thickness x, the part kx is insulation and (1 — k)x is 
"copper, then the current in the section xy 

= xy{l — k) X amperes per square inch, 

__ xij{l —k) _ 

square inches per ampere 


^ xy(l - k) X 1.27 X 10 ^ 
circular mils per ampere 

The resistance of a ring of length MT and section xy(l — k) sq. in. 

MT 

xy(l -k) X 1.27 X 10«' 

The loss in this ring = current* X resistance 

(xy(l - k)X 1.27 X 10*)* X MT 
xyi\ — k) X 1.27 X 10* feir. mils per ampere)*^ 
_ MTX xy(l -k)X 1.27 X 1^ 

(circular mils per ampere)* 

The heat due to this loss crosses the section of thickness dx, 
of which A X da: is insulation, and since the specific conductivity 
of insulating material = 0.003, in watts per inch cube per degree 
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Centigrade difference in temperature, therefore the difference in 
temperature between the center and the surface 

^ MT X xyjl ~k)X 1.27 X 10 «. 

(circular mils per ampere)® 


-e-f^e.p 

4/0 U 0 


^ hxds ^ 

^ njrm o. , . ^ 


MTXy 
( 68 ) 


1 

0.003' 


( 68 ) 


2.1 X 10®A;(1 - k)X^ 

(circular mils per ampere)®' j 

Consider the following example: A core-ts^pe transforajl^ with 
the windings insulated as in Fig. 312, has the iigh-tension winding 
made with No. 12 square d. c. c. wire. The high-voltage winding 
is 1 in. thick, the current density is 1600 cir. mils per ampere, 
and there is one thickness of 0.007 in; fuUerboard between layers 
it is required to find the maximum difference in temperature 
between the inner and outer layers of the winding. 


Thickness of wire. 

Thickness of cotton covering 
Thickness of fuUerboard..., 

Value oi k .. 

Value of 1 — A:. 

Temperature difFerence. 

If round wire is used instead of square, then the contact area 
between adjacent layers is greatly reduced, and the tempera¬ 
ture difference increased. It is advisable for such coils as that 
discussed above to use square or rectangular wire and to limit 
the thickness of the coil to 1 in., and the current density to about 
1600 cir. mils per ampere. 

319. The Section of the Wire in the Coils.—Diagram A, Fig. 
325, shows part of a coil of a shell-type transformer, and B 
shows part of a coil of a core-t3q)e transformer. 

The loss in one layer of the winding, as may be seen from the 
last article, 

MTX 2Xya -k)X 1.27 X 10«_,,,. 

- - J—i - Z - 7Z -WflittS. 

(circular mils per ampere)^ 

2 ?/ 

The corresponding radiating surface — MT X “• 


0.0808 

0.01 

0.007 

0.017 _ . 

0.0978 

0.826 

2.1 X 10» X 0.174 X 0.826 
1600* 


= 12° C. 
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Therefore the watts per square inch 
_ 2X(1 - ky X 1.27 X 10^ 

2 X (circular mils per ampere)^’ 

and circular mils per ampere = 8 X 100 / 2Z(1 — _ 

\ watts per square inch’ 

/_ (69) 

= 1350v2Z(l — k)^ when watts per square inch = 0.35, 
= 1260\/2Z(1 — when watts per square inch = 0.4. 
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320. The Output Equation. 

E = 4.44r<iia/10“*, (formula (64), p. 439), 
and El <= the watts output, 

= 4.44r/X^. x/xio-*, 

= 4.44^ X / X 10“® where ^ “ 

magnetic loading 
electric loading 

The volts per turn of coil = Vt, 

= 4.44^ J10-«, 


= Vwatts X V i.44ktflQrK 

Now E * 4.44T^a/10-®, 

so that, for a given voltage, the lower the frequency the larger 
the product XT. If a transformer is built with a large 

number of turns, so that h - ^ is small, then the copper loss 

is large because of the large number of turns, and the core loss 
is small because of the relatively small amount of iron; such a 
transformer would therefore have its maximum efficiency at a 
fraction of full load (see p. 463). In order that the efficiency 
may be a maximum at or near full load, the full-load copper and 
the core loss must be approximately equal and the flux must 
increase as the frequency decreases; it is found in practice that 

the value of fe = ^ is approximately inversely proportional to 

the frequency, or that hf is approximately constant; therefore 

volts per turn. Ft = a constant X y/ watts, (70) 

where the following average values of the constant are found 
in practice: Mo core-typs distributing transformers. 

Mo for core-type power transformers, 

Ms for shell-type power transformers. 

■ 475 


_ A. AAf V 1 fl—8 /watts X kt 

4.44/X 10 ^ 4.44/10-8 
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The constant for the distributing transformer is less than that 
for the power transformer because, while in the latter the highest 
efficiency is desired around full load, in the former a small core 
loss and a high all-day efficiency is desired. To obtain a small 

core loss it is necessary to keep the value of fe = ^ small, and 

therefore the constant in formula (70) must be small. 

The constant is different for core- and for shell-type trans¬ 
formers because of the difference in construction. Figure 326 
shows the ordinary proportions of a core-type transformer; the 



Fig. 326.—Core-type transformer. Fig. 327.—Shell-type transformer. 


distance a is generally about 1.5 X b so as to keep the ratio'of 
Z to y within reasonable limits, and prevent the use of a thin 
wide tank. 

If the coil on limb B of the transformer in Fig. 326 be placed on 
limb A, and limb B then split up the center and one-half bent 
over to give Fig. 327, a shell-type transformer is produced which 
has the same amount of copper and iron as the corresponding 
core-type transformer. The resulting shell-type transformer is 
flat and low, so that the tank required to hold it takes up con- 
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siderable floor space; the proportions are therefore changed so 
as to give the ordinary shape shown in Kg. 328, and for a given 

rating it will be found that the ratio ^ is about four as 

large for the transformer in Kg. 328 as it is for that in Kp. 326- 
or 327; that is, the shell-type transformer has generally twice 
the flux and half the number of turns that the core-type trans¬ 
former has for the same rating. The distance a is generally 
about 6 X 6 to give a reasonable shape of core. 





-. 


1 

1 1 


f 1 

1 1 
f 1 









Fio. 328.—Shell-type transformer. 


321. Procedtire in the Design of Core-type Transformers. 

The volts per turn = watts for power transformers, 
ou 


== watts for distributing transforn^s. 

The number of coils is chosen so as to keep the voltage per coil less 
than 5000, but there should not be less than two high-voltage 
and two low-voltage coils; the number of turns per coil is equal to 

_ terminal voltage _ 

volts per turn X number of coils 
The depth of the coil measured from the nearest oil duct should 
not be greater th^'n 1.0 in., except in the case of small distributing 
transformers insulated as shown in Fig. 312 which have no oil 
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duct between the low-voltage winding and the core. Jn such a 
case the depth from the core to the oil may be 2 in., the reason 
being that the heat in the inner layers of the winding is con¬ 
ducted through the insulation into the core and dissipated by 
the core surface. 

The section of the wire in circular mils is found from formula 
(69), page 474, namely, 

circular mils per ampere = 1360\/ (1 — ky X 2X where 
X = the greatest depth from the inside of the winding to the 
nearest oil or core surface, 

(1 — fc)® = per cent copper in the vertical layers of the winding 
X that in the horizontal layers, 

and the area of the wire is the product of the full-load current 
in the winding and the circular mils per ampere. The section of 
wire should be chosen so that it is not thicker than 0.125 in., and 
the wire should be wound flat as shown at A, Pig. 316. 

The number of layers in the winding is the same as the number 
of wires in the assumed depth of the coil; the number of conduc¬ 
tors per layer is the total number of turns per coil divided by the 
number of layers, and the height of the winding is the number of 
turns per layer multiplied by the width of the wire in the direc¬ 
tion parallel to the limbs of the core. 

The flux in the core is found from formula (64), page 439; 
namely, E = 4.44 X turns X flux X frequency X 10“®, 

and the core area = ^ where the value of the core 

core density 

density is taken for a first approximation, 

= 66,000 lines per square inch 60-cycle distributing transformers 
= 75,000 lines per square inch 25-cycle distributing transformers 
= 90,000 lines per square inch 60-cycle power transformers 
== 80,000 lines per square inch 25-cycle power transformers 
alloyed iron being used for 60-cycle transformers, to keep down 
the loss in the distributing transformer so as to have a high all¬ 
day efficiency, and to keep down the heating in the power trans¬ 
formers. Ordinary iron is used for 25-cycle transformers, 
because, due to the low frequency, the loss is generally small, while 
the densities have to be kept low in order that the magnetizing 
current will not be too large a per cent of the full-load current. 


The core and windings are drawn in to scale; the losses, 
magnetizing current, resistance and reactance drops are deter¬ 
mined, and the size of the tank is fixed. If the transformer as 
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designed does not meet the guarantees, then certain changes 
must be made. 

If the core loss is too high, either the core density must be 
reduced, which will increase the size of the transformer, or the 
total flux must be reduced, which will require an increase in the 
number of turns for the same voltage, and, therefore, an increase 
in the copper loss. 

The resistance and the reactance drops may both be reduced 
by a reduction in the number of turns, because the resistance is 
directly proportional to the number of turns, while the reactance 
is proportional to the square of the number of turns. 

Example.—Design and determine the characteristics of a 15- 
k.v.a., 2200- to 220-volt, 60-cycle distributing transformer. 


Design of the High-Voltage Winding 


Volts per turn 

Total number of turns 

Coils 

Turns per coil 

Total depth of winding 

Circular mils per ampere 

Full-load current 
Section of wire 


Insulation 


Number of layers 


« 1.52. 

= 1440. 

= 2; one on each leg. 

= 720. 

= 2.0 in., assumed. 

= 1350 X V2 X 0.9 X 0.8. 

= 1620J 
= 6.8 amperes. 

= 11,000 cir. mils; 

use No. 10 square B. & S. 

« 0.1019 in. X 0.1019 in. 

which has a section of 13,000 cir. 
mils, not allowing for rounding of 
the corners. 

— 0.01 in. double cotton covering, 
0.014 in. fullerboard between layers. 

(1 - k) vertical = 

(1 - k) horizontal = = ^*^1. 

1.0 

"* 0.1019 + 0.01 + 0.014‘ 

« 8 . 


Turns per layer 
Height of winding 

Height of opening 

Design of 

Total number of turns 
Turns per coil 


= 90. 

= 90 X (0.1019 4- 0.01). 

« 10 in. 

, = 11.75 in. (see Fig. 312). 
Low-voltage Winding 

= 1440 X ratio of transformation. 
= 144. 

= 72. 
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Circular mils per amperes 
Section of wire 

Turns per coil « 72; number of coils 
Insulation 

Turns per layer 

Number of layers per coil 

Number of layers per leg 
Depth of winding 


1620; the same as for the high- 
voltage coil. 

110,000 dr. mils. 

0.087 sq. in. 

0.11 in. X 0.8 in.; this will be di6Si>p 
cult to wind on a small transformer 
because of its width; therefore, 
change the winding as follows; 

4 connected two in parallel; size of 
wire = 0.11 in. X 0.4 in. . 

0.015 in. cotton covering. 

0.014 in. fullerboard between layers. 
winding height 
width of wire 
10.0 
0.415 
24. 

72 

24* 

3 . 


6, because there are two coils per 
leg. 

(0.11 in. •+• 0.015 in. + 0.014 in.) 6. 


Thickness of insulation between the high- and low-voltage (^oils = 0.12 in. 

Design of Core 


Flux 

Core density, assumed 
Necessary core section 
Actual section adopted 
Width of opening 


= 5.72 X 108. 

= 65,000 lines per sqinire inch. 

= 8.8 sq. in. 

= 2.5 X 4 and sta<;king factor = 0.9. 
= 4.5 in., to allow a little clearance 
between (^oils on different legs 
(sec Fig. 312). 


Calculation of the Losses and the Magneiizinq Current 


Mean turn of low-voltage coil 
Resistance of secondary winding 

Mean turn of high-voltage c;oil 
Resistance of primary winding 

Loss in primary winding 

Loss in secondary winding 

Weight of core 
Actual core density 


= 16.6 in. 

144 X 16.6 

2 x'O.irx a4 x‘L 27" X 10«* 
= 0.021 ohm. 

= 24 in. 

^ 1440 X 24 
13,000 ' 
s= 2.6 ohms. 

= 2.6 X 6.8*, 

= 120 watts. 

« 0.021 X 68*, 

= 97 watts. 

= 110 lb. 

— 63,500 lines per square inch. 
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Core loss in watts (4 per cent silicon 
steel) 

Volt fiimperes excitation 
Per cent exciting current 


110 .X 0.81 (from Kg. 298, p. 442), 
89 watts. 

110 X 2.8, 

308 volt amperes. 

2 . 1 . 


C<dculaHon of the Regulation 

Equivalent primary reactance - 27r/ X 3.2 Ti^ X ^ lO”* X 2 

where / 

Ti 

MT 


= 60, 

= 720, 

_ 16.6 + 24 
2 ’ 


» 20.3 in. 
L 10 in. 
di = 1.0 in. 
d% = 0.83 in. 

S =0.12 in. 

coils = 2. 


JP.gOfpriiiiary=2irX60 X 3.2 X 720‘X^(^^^^— +0.12)xi0-»X2, 
= 18.6 ohms. 

The reactance drop referred to the primary = 18.6 X 6.8, 

= 126 volts, 

= 5.8 per cent. 

The primary resistance drop = 2.6 X 6.8, 

= 17.6 volts. 

The secondary resistance drop == 0.021 X 68, 

= 1.43 volts. 


The resistance drop referred to the primary 


17.6 +1.43 xfg. 


= 31.9 volts, 

= 1.44 per cent. 


Design of the Tank 


The total losses at full load are: 

Iron loss. 

Primary copper loss. 
Secondary copper loss, 
Total loss. 

The watts per square inch for 35° C. 
the tank surface in contact with the oil 
306 
0.225’ 


89 watts. 

120 watts. 

97 watts. 

306 watts. 

rise of the oil = 0.225; therefore 


== 1400 sq. in. 


322. Procedure in the Design of a Shell-type Transformer.— 
The work is carried out in exactly the same way as for a core-type 
transformer except that the width of the coil is seldom made 
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greater than about 0.5 in., so as to provide ample radiating sur¬ 
face and allow the use of comparatively high copper densities. 

The number of coils is again chosen so as to keep the voltage 
per coil less than 5000; still further subdivision of the winding 
naiay be required in some cases to reduce the reactance. 

Example .—Design a 1500-k.v.a., 63,500- to 13,200-volt, 25- 
cycle power transformer for operation in a three-phase bank on 
a 110,000 volt line. 


Design of the High-^mltage Winding 

Volts per turn = 49. 

Total number of turns « 1300. 

Coils » 12. 


Turns per coil “ 108 average; use 10 coils with 113 turns and 2 

end coils with 85 turns. 

Width of coil, assumed = 0.4 in. 

Because of the high voltage the distance a;, Fig. 315, will be large, and there 
will be little iron saved by making the strip wider than 0.4 in. with the idea 
of keeping the distance x small. 

Circular mils per ampere = 1260 X V0.4 X 0.6 

where (1 — fc)® is assumed to be «= 0.6, 

== 615. 


Section of wire 
Insulation 


=* 14,500 cir. mils, 

= 0.0285 X 0.4 in. 

— 0.016 in. cotton covering, 
0.014 in. fullerboard. 


(1 -fc) 


0.0285 ^ 
0.0576 


Under ordinary circumstances the calculation for the size of conductor 
would be repeated using the correct value for (1 — k) to find the vjiluc of the 
circular mils per ampere. In a very high voltage transformer, however, the 
amount of copper is small compared with the amount of iron and insulatioib 
so that it is not advisable to run the chan(;o of high temperature rise for a 
small gain in the amount of copper used. The conductor chosen for this 
transformer is therefore 0.03 X 0.4 in. 

Height of winding = turns X thickness of insulated wire. 

= 113 X (0.03 + 0.015 + 0.014). 

=» 6.7 in. 

= 7 in. to allow for bulging. 

Space between winding and 
core = 4.5 in., from Fig. 314. 

Width of opening = 7 + (2 X 4.6), 

= 16 in. 

The arrangement of the winding must now be decided on and several 
possible methods are shown in Fig. 329. A would give a very long core and 
take up a large floor space, it would also have a large core loss and magnetiz¬ 
ing current because of the large amount of iron in the magnetic circuit, but 
of the three shown it would have the lowest reactance. 



PROCEDURE IN DESIGN 


483 


B would have a lower inagneti 2 iing current and a lower core loss than A ; 
it would also be considerably cheaper, but would have a larger reactance, 

C will have values of core loss, magnetizing current and reactance 
between these of A and B, and the design will be completed for this arrange¬ 
ment to find its characteristics. 
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This allows ample clearance between the winding and the core, in fact the 
winding could be made narrower and higher because 0.75 in. would be 
ample spacing for 13,200 volts, but it is advisable to use the larger spacing, 
where it is available without any sacrifice of space or material. 

The coils with the insulation are now drawn to scale as shown in Pig. 315 
and the length of the opening determined; this value is 43 in. 

Design of the Core 
« 44 X 10«. 

« 80,000 lines per square inch. 

»= 560 sq. in. 

* 14 X 43.6 in. 

Cakulaiion of the Losses and the Magnetizing Current 

170 in. 

6 X 45 X 170 


Flux 

Core density, assumed 
Necessary core section 
Actual section adopted 


Mean turn of the low-voltage winding 
Resistance of the low-voltage winding 


0.17 X 0.4 X 1.27 X lO*’ 

= 0.53 ohm. 

« 190 in. 

1300 X 190 

0.03 X 0.4 X 1.27 X 10«' 

« 16.2 ohnos. 

« 16.2 X 23.6*, 

= 9000 watts. 

= 0.53 X 114*, 

« 6900 watts. 

- 22,000 lb. 

= 22,000 X 0.76 (from Fig. 298), 
= 16,720 watts. 

= 32,620 watts. 

= 97.8 per cent. 

= 22,000 X 3.3 (from Fig. 299), 

= 72,600 
= 4.8 per cent. 

The equivalent primary reactance = 2vf X 3.2 X X 

10~* X coil groups, 

where MT = 180 in. 

L = 16 in. 

di » 1.3 in. (see Figs. 303 and 315). 
da = 0.4 in. 

S = 4.5 in. 

coil groups = 6 (diagram C, Fig. 329). 

Equivalent primary reactance * 2 t X25 X3.2 X216* X +4.5^ 10"^ X6, 


Mean turn of high-voltage winding 
Resistance of high-voltage winding 

Loss in the high-voltage winding 
Loss in the low-voltage winding 
Weight of core 

Core loss in watts (0.9 per cent silicon 
steel) 

Total loss at full load 
Efficiency 

Volt amperes excitation 


The reactance drop referred to the primary 


= 80 ohms. 

= 80 X 23.6, 

' 1900 volts, 

' 3.0 per cent. 
380. 


The primary resistance drop 
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The secondary resistance drop referred to 

the primary = fiO V - 

^ 13,200 " 

The resistance drop referred to the primary = 670,* 

= 1.05 per cent. 

The tank is made round in section and clears the core by 2 in. 
The total loss == 32,620 watts. 

The water-pipe surface required = 35,000 sq in 

= 750 ft. of IH- 


= 290. 

at the corners, 
■in. pipe. 



CHAPTER XLII 


SPECIAL PROBLEMS IN TRANSFORMER DESIGN 

323. Comparison between Core- and Shell-type Transformers. 
For very high voltage service the losses are not of so much 
importance as reliability in operation. Figure 330 shows the 
relative proportions of a high-voltage core and of a high-voltage 



Fio. 330.—High voltage core, and shell-tyijo triwisfornicrs. 


shell-type transformer; the coils of such transformers are not 
easily braced and supported if the core-type of construction is 
used, and the forces due to short-circuits are more liable to 
destroy the winding than in the case of shell-type transformers, 
in which the coils are braced in such a way that these forces 
cannot bend them out of shape. 

















SPECIAL PROBLEMS IN TRANSFORMER DESIGN 487 


The current on a dead short-circuit = ^— 

impedance of wmding 

and may reach, in power transformers, a value of twelve to twenty 

times full-load current. In the case of an instantaneous short- 

circuit the current may reach still greater values depending, as 

shown in Art. 203, page 288, on the point of the voltage wave at 

which the short-circuit takes place. Since the forces tending to 

separate the high- and low-voltage windings, and to puU together 

the turns of windings of the same coil, are proportional to the 

square of the current, they may reach very large values on short- 

circuit and may destroy the winding. Of the two types of 

transformers, the shell type is the better able to resist such forces. 

The winding of a transformer is divided up into a number of 
coils in series, and the voltage per coil should not exceed about 
5000 volts. It will generally be found that the distance X, over 
which this voltage is acting, is less in the core- than in the shell- 
type transformer. 

The reactance of a transformer depends on the square of the 
number of turns, and on the way in which the winding is sub¬ 
divided. Due to the large space required between the high- and 
low-voltage coils it is not practicable to subdivide the winding 
of a high-voltage core-type transformer more than is shown in 
Fig. 330, while the shell-type winding can be well subdivided 
before the length Y is greater than that required for a cylindrical 
tank. Because of this, and also because it has the smaller total 
number of turns, the reactance of a shell-type transformer can 
readily be kept within reasonable limits while that of a core type 
cannot. 

So far as the coils themselves are concerned the shell type of 
transformer, in large sizes, has the advantage that strip copper 
wound in one turn per layer may be used; this gives a stiff coil 
and one not liable to break down. 

For outputs up to 500 k.v.a. at 110,000 volts the core type 
is probably the cheaper, and for outputs greater than 1000 
k.v.a. the shell type must be used to keep the reactance drop 
within reasonable limits; between these two outputs the type to 
be used depends largely on the previous experience of the designer. 

The core-type transformer has the great advantage that it 
can be easily repaired, especially if built with butt joints so 
that the top limb may be removed and the windings and insula¬ 
tion lifted off. 
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324. Three-phase Transfonners.—Diagram A, Pig. 331, shows 
a single-phase transformer with all the windings gathered 
together on one leg, and diagram B shows three such transformers 
with the idle legs gathered together to form a resultant magnetic 
return path. The flux in that return path is the sum of three 
fluxes which are 120 electrical degrees out of phase with one 
another and is therefore zero; the center path may therefore be 
dispensed with. 

In diagram B the flux in a yoke is the same as that in a core; 
the yoke and core have therefore the same area. If the three 
cores are connected together at the top and bottom as shown in 



B 


Fig. 332.—Three-phase shell-type transformer. 


diagram C, then the three yokes form a A-connection, and, as 
shown by the vector diagram D, the flux in the yoke is less than 


that in the core in the ratio — 7 =^ 

V3 


and the yoke section may be less 


than that of the core. The bank of transformers may be still 
further simplified by operating it with a V or open A-connected 
magnetic circuit as shown in diagram E, and this latter trans¬ 
former, when developed on to a plane as shown in diagram F, 
gives the three-phase core type that is generally used. There is 
a considerable reduction in material between three transformers, 
such as that in diagram A, and the single transformer in diagram 
Fj so that the three-phase transformer is cheaper, has less mate¬ 
rial, greater efficiency, and takes up less room than three single¬ 
phase transformers of the same total output. 
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So far as the design is concerned there is no new problem; 
each leg is treated as if it belonged to a separate single-phase 
transformer. 

Diagram A, Fig. 332, shows a single-phase shell-type trans¬ 
former, and diagram B shows three such transformers set one 
above the other to form a three-phase bank. If the three coils 
were all wound and connected in the same direction, as in the 
ease of the three-phase core-type transformer, then the flux in 
the core at M would be produced by three m.m.fs., 120 deg. 
out of phase with one another, and would be zero, because at 
any instant the m.m.f. of one phase would be equal and oppo¬ 
site to the sum of the m.m.fs. of the other two phases. The 
center coil is connected backward and the direction of the flux in 
the cores and cross-pieces at one instant is shown by the arrows. 
The total flux in one of the cross-pieces, say A, is the sum of the 
fluxes in cores 1 and 2, and the value may be found from dia¬ 
gram C. 

A unique ts^e of three-phase transformer—^not used to any 
large extent in present day commercial practice—^is shown in 
Fig. 333; it is almost circular in section and may be used in a 
cylindrical tank. The iron parts of this design are not made up 
of straight strips or L-shaped pieces and hence are not so economi¬ 
cal of iron as some other designs. 

326. Operation of a Transformer at Different Frequencies.— 
The e.m.f. = E, 

= 4.44 r^„/10-S 
= 4.44 JIO'S 

= a constant X Bm X / for a given transformer; 
the iron losses = hysteresis loss + eddy-current loss, 

= KBm^'^f + KhBm^P for a given transformer, 
^i.a 

= a constant X + a constant X E^, 

so that, for a given voltage, as the frequency increases the 
hysteresis loss decreases, while the eddy-current loss remains 
constant. A standard transformer, designed for a definite 
frequency, may operate at frequencies which are considerably 
higher or lower than that for which the transformer was designed; 
if the transformer is designed so that at normal frequency and full 
load the copper and iron losses are equal and the efficiency a 
maximum, then at lower frequencies the iron loss will be larger 
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than the copper loss, sad at higher frequencies the copper loss 
will be the greater. 

In order that a low-frequency transformer may have approxi¬ 
mately the same core loss and copper loss at full load, the section 
of the iron in the core must be increased over that required for a 
transformer of the same rating but of higher frequency, in order 



Fig. 333.—Three-phase shell-type transformer. 


to lower the densities and reduce the core loss, so that, for the 
same rating and efficiency, 'the lower the frequency, the larger 
the amount of iron, and the header the transformer. 

326. Methods of Specifying and Testing Transformers— 
The A. I. E. E. standardization committee has standardized 
temperature rises, testing methods, insulation tests, etc. for 
transformers which may be found by reference to those rules. 
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327. Transformer Performance.—The following tables give 
dimensions and performance data on a line of standard trans¬ 
formers. There are two classes of transformers mcluded in 
these tables: 

1. A line of transformers made with 4 per cent silicon steel; 
these give an iron loss that is as low as can be obtained with the 
best obtainable commercial grades of transformer steel, and give 
a comparatively high cost of iron. 

2. A line of transformers made with a poorer and cheaper 
grade of steel and consequently lower in cost. 


Hioh-iifficibincy Teansfoemers, 2300 to 230-110 Volts 
(All losses based on 75° C. temperature) 


Per cent efficiency 

I_■ cent 

imped- 

K H H Full anceat 
load load load load 76° C. 


1.6 21 61 93.9 95.6 95.7 96.4 3.8 

3 33 75 95.2 96.6 96.7 96.5 3.1 

6 42 102 96.2 97.3 97.4 97.2 2.9 

66 133 96.6 97.6 97.7 97.6 2.6 



Per cent regulation 

100 

per cent 
power 
factor 

80 

per cent 
power 
factor 





96.3 97.7 97.7 97.6 
97.2 97.9 97.9 97.7 
97.5 98.1 98.1 97.9 


491 97.6 98.3 98.3 98.2 2.7 

614 97.7 98.3 98.4 98.3 2.6 

825 97.3 98.2 98.3 98.3 3.3 


616 1120 97.3 98.2 98.3 98.3 3.9 

870 1800 97.4 98.2 98.3 98.2 3.9 

1145 2400 97.4 98.2 98.3 98.2 3.4 
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The dimensions of this line of transformers are given in the 
following table referring to Fig. 334, all dimensions in inches: 



15H 16^6 ll^He 9 Ke 9K« 3H 7 

16K 16^6 12 ^2 101^6 10?i 3H 7 
17% 18 13 % 11 % 11% 3H 7 

21 19% 16 H« 13 Hi 13H6 3% 11 

28% 19% 16 He 13 He l^He 3% 11 
28% 19% 16 He 13 He 13%6 3% 11 
34% 24% 21 % 16i%6l6K6 8 19% 


1% 84 107 

1% 138 170 

3% 196 226 

6 277 336 


37.6 44%28%6 23i%6l8 % ISKe 10 27 31 987 1076 

60 60%28%fl23i%6l8 % 18H6 10 33 37 1164 1260 

76 64% 36% 27 % 28 % 20% . 72 1740 1900 

100 66 36% 27 % 28 % 20% . 93 2040 2260 

160 66% 43% 36 % 36 28% 168 2760 3960 

200 80% 40% 34 He 34 % SOHe. 193 3890 4300 



»5/o/ Ar 'diam Bolf 


o-<- 

Jirdicorfor. 

"W ConrrecHon.1 
Pipe Plug /|jf 



W"-" . .^ 



'^'{-—Learals 
" j'-Termlna/s 


■ @± 

m 1" J ''pipe Plug -^— 



[<--Z 3 ---i-l 


2HM. leads 

24- 

be^on^ 

Bushing 


Fig. 334.—-Transformer outline—for dimensional 
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Eeduced-efficiengy Transformers, 2300 to 230-110 Volts 
(All losses based on 76° C. temperature) 




Cop- 

Per cent efficiency 

Per 

Per cent regulation 


Iron 





cent 

100 

per cent 
power 
factor 

80 

per cent 
power 
factor 

K.v.a. 

loss, 

watts 

per 

loss, 

watts 

K 

load 

load 

y4. 

load 

Pull 

load 

imped¬ 
ance at 
76° C. 

1.5 

31 

49 

91.6 

94.5 

96.0 

94.9 

3.8 

3.31 

3.85 

3 

56 

71 

92.5 

95.3 

95.9 

95.9 

2.8 

2.40 

2.80 

6 

60 

120 

94.9 

96.5 

96.7 

96.5 

3.0 

2.44 

3.05 

7.5 

80 

171 

96.4 

96.8 

96.9 

96.7 

3.0 

2.31 

2.96 

10 

104 

195 

95.6 

97.0 

97.2 

97.1 

2.7 

1.98 

2.70 

16 

124 

269 

96.3 

97.5 

97.6 

97.4 

2.5 

1.85 

2.58 

25 

181 

375 

96.8 

97.8 

97.9 

97.8 

2.7 

1.66 

2.54 

37.6 

238 

435 

97.2 

98.1 

98.2 

98.1 

2.5 

1.35 

2.40 

50 

307 

604 

97,3 

98.1 

98.3 

98.2 

2.9 

1.28 

2.53 

76 

550 

1025 

96.8 

97.8 

98.0 

97.9 


1.60 

3.20 

100 

860 

1260 

96.4 

97.7 

97.9 

97.9 


1.40 

3.20 


The dimensions of this line of reduced efficiency transformers are 
given in the following table, referring also to Fig. 334: 


K.v.a. 

fl 

B 

a 

D 

E 

F 

11 

Oil, 

gallons 

Weights 

Not 

Shij)- 

ping 

1.5 

15K 

16?i6 


9 Ke 


3% 

7 

IK 

72 

95 

3 


16^6 

12 ^^2 

101?f6 

^9 


7 

IK 

105 

140 

5 

i7H 

18 

13 % 

11 H 

11?^ 

3^2 

7 

3% 

147 

185 

7.5 

21H6 

IQH 

15 

13 He 

Ho 

3H 

11 

6 


258 

10 

28K 

19« 

16 

13 He 

13>f6 

3^i 

11 

10 

272 

320 

15 

27K 

2214 

20 

15 H 

1514 


16 

12 

374 


25 

UH 

24JI 

21 H 

16i?i'(i 

16?l6 

8 

lOH 

18H 

575 

648 

37.6 

44^ 

28H6 

231^6 

18 H 

18K0 

10 

27 

34 

838 

930 

50 


28^6 

231 

18 H 

ISVie 


33 

37 

3087 

1250 

75 

54>4 

35M 

27 H 

28 14 

20H 




1460 

1600 


52 

43H 

36 H 

35 

28% 



128 

2110 

2300 
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The insulation tests on all of these transformers are: 

Primary winding to secondary winding and iron, 10,000 volts 
for 1 min. 

Secondary winding to iron, 4000 volts for 1 minute. 

Double voltage impressed across all windings for 7200 cycles 
at suitable frequency. 

The temperature guarantees are: 

Full load, 24 hours, 55° C. rise. 



CHAPTER XLIII 
MECHANICAL DESIGN 


328. A complete discussion of the mechanical design of electri¬ 
cal machinery is beyond the scope of this work, but there are 
several points which the student is liable to overlook unless his 
attention is drawn to them. 

The fundamental principle in the design of revolving machinery 
is that the frame shall be as heavy as possible, the revolving 
part as light as possible, and the shaft as stiff as possible. 



Fig. 335.—Alternator yokc^. 


The yokes, housings, spiders and bases should be designed so 
that the work in molding them shall be a minimum, and the 
smaller parts, when used in large quantities, should be designed 
for machine molding. 

The yoke must be made stiff enough to prevent sagging, when 
built up with its poles as in the case of a D.-C. machine, or with 
its stator punchings as in the case of an alternator or induction 
motor. It must also be strong enough to stand handling in the 
shop as, for example, when supportd as shown in Fig. 335. If 
the yoke will stand this latter treatment it will generally be stiff 
enough for operating conditions. 
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The following rough rule may be used for checking a new yoke 
design. For yokes of the box type shown in Fig. 336, 

= 1.6+§m., 

t = 0.25 + O.OlDy in., for values of Dy from 6 to 100 in.; 
above 100-in. bore increase the thickness by 0.375 in. for every 
50-in. increase in diameter. 

The distance between dovetails should be about I2 in., for 
which value the length of the segment used to build up the core 
will be 24 in. It is at present standard practice to dovetail the 
laminations into the yoke as shown at A, but the method shown 
.at B has been found satisfactory and has the advantage over A 
that it is cheaper and does not block up the ventilation so much. 
The distance between dovetails is determined finally by the 
slot pitch and the number of slots per segment. 



329. Rotors and Spiders-—These must be designed so that 
they will stand handling in the shop. 

The rotor of a revolving field alternator is usually built with 
the poles dovetailed in, as shown in Fig. 336, and care must be 
taken that it is strong enough at A to prevent overstress due to 
its own centrifugal force and to the bursting action of the pole 
dovetails, and also strong enough at B, C, 2>, and E. The 
stresses to be allowed at the maximum speed are: 

2,500 lb. per square inch for cast iron. 

12,000 lb. per square inch for cast steel. 

14,000 lb. per square inch for sheet steel. 

18,000 lb. per square inch for nickel steel. 
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The arms of the spiders should be able to transmit the full-load 
torque with a factor of safety of 12; then they will be strong 
enough to withstand sudden overloads and short-circuits. 

330. Commutators.—^Figure 337 shows a typical commutator. 
The mica between segments has parallel sides, and the segm^ts 
themselves are tapered to suit. The clamping of the segments 
is done on the inner surface of the V so that the segments will be 
pulled tightly together, and the design should be strong enough 
to prevent the stresses &tA,B,C,D and E from becoming danger¬ 
ous. In a long commutator considerable trouble is experienced 
due to the expansion and contraction of the bars as the commu¬ 
tator is heated or cooled, and the type of construction shown is 
designed to take care of such expansion by the extension of the 



bolts. If the type of construction shown in Fig. 30 were used 
for a long commutator, then, when the commutator is heated and 
expands, the shell has to burst, the bolts break or the commutator 
bars bend. 

331. Unbalanced Magnetic Pull.’—If two surfaces of area S 
sq. cm. have a magnetic flux crossing the gap between them, 
and the flux density in this gap = B lines per square centimeter, 
there will be a force of attraction between the two surfaces 

= dynes. 

Figure 338 shows part of an electrical machine of which the 
revolving part is out of center by a distance A cm. The flux 
density in the air-gap at C is greater than at B, so that the mag¬ 
netic force acting downward is greater than that acting upward. 
The resultant downward pull is called the unbalanced magnetic 
pull of the machine. 

' B. A. Behrend, Trans. A. I. E. E., VoL 17, p. 617. 
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In the following discussion it is assumed that the flux density 
in the air-gap at any point is inversely proportional to the air-gap 
clearance at that point, and also that the eccentricity is not more 
than 10 per cent of the average air-gap clearance: 

da = the air-gap clearance at any point A, 

— ab — be, 

= S — A cos 

and Ba = the flux density at point A, 




(Jf = the force at A over a small arc RdB, 
= ^ X -Ba® X Rde X La dynes; 

O'TT 

and the vertical component of this force 
= <// X cos 6, 



2 

I RLc cos 9d6, 




cos odd; higher powers 
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of ^ cos 6 than the first being neglected since j is small, being 
0 0 

less than 0.1. 

The total downward force 




008 «) «* *», 
-|Bl.B>(l+^)dyne8. 


Sinodlarly the total upward force 




The total unbalanced magnetic pull is the difference between the 
total downward and the total upward force and 

= {2TRLe)-^B^ dynes. 

OTT 0 

In inch-pound units the unbalanced magnetic pull is given by 
the following formula: 


1 / \ 

PuU in pounds = 


(71) 


where B is the effective gap density in lines per square inch, 
A is the displacement in inches, 

8 is the average air-gap clearance in inches, 

8 = 2jrZ2Lc, is the total rotor surface in square inches: 

Since the flux density in the air-gap at B is less than that at C, 
the e.m.f. generated in the conductors at C will be greater than 
that generated in conductors at B. If a multiple winding is used 
for the rotor, such as the D.-C. multiple winding or the squirrel- 
cage winding of the induction motor, then the current in each 
conductor will be proportional to the e.m.f. generated therein 
and will be greater in conductors at C than in those at B. Now 
the armature current in a D.-C. machine tends to demagnetize 
the field which produces it and so also does the current in the 
rotor bars of an induction motor, with such multiple windings; 
therefore the demagnetizing effect will be greatest at C and least 
at B] the flux in the air-gap will not be inversely proportional to 
the air-gap; and the magnetic pull will be less than that given by 
the above formula. 
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332. Bearings, Journals and Pulleys.—^The subject of bearing 
friction has already been discussed in Art. 89, page 110. 

A useful rule for the design of self-cooled bearings with ring 
lubrication is that 

P = 60 to 100; PV less than 90,000 for bearings up to 5 in. 
diameter; 

P = 40 to 60; PV less than 60,000 for bearings above 6 in. 
diameter; 

where P = the bearing pressure in pounds per square inch pro¬ 
jected area, 

V = the rubbing velocity of the journal in feet per minute. 
•Rfln.riT>g a having values within these limits will carry 50 per 
cent overload without injury; if the values at normal load are 
greater, water-cooled bearings should be used. 



The length of the bearing will generally be from three to four 
times the diameter, but the stress in the neck of the journal at A, 
Fig. 339, must be checked to see that it is not too high; 
if Mb = the bending moment at A, 

Mt = the twisting moment at A ; 
then M„ the equivalent bending moment at A, 

Mb -H s/Mb -f Mt, 

2 

TT 

= stress X 

This stress should not exceed 5000 lb. per square inch. 

The shaft at the center is designed principally for stiffness. 
The size of shaft necessary to transmit the torque is compara¬ 
tively small; the actual diameter is chosen so that the rotor 
deflection shall not exceed 10 per cent of the air-gap clearance; 
this diameter should, however, be checked for strength to resist 
the combined effect of torsion and bending. 
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Figure 339 shows a loaded shaft. W, the weight between the 
bearings, includes the unbalanced magnetic pull, and Q is the 
total pull of the belt. 

If, as is generally the case, the belt is in contact with the 
pulley over half the circumference, then 

Ti = 2Ti approximately; 
and Q = Ts + Ti, 

= 3Ti approximately; 

rp _rp _ hp. X 33,000 _ 

® ^ belt speed in feet per minute’ 

= Ti. 

The total force on the bearing next the pulley, when the belt 
pull is vertically downward = Q X 

Z ZIj 

The lower the speed of the belt the greater is the value of 
3^2 — Ti, the effective force on the belt, and the greater the value 
of Q, so that, with a given bearing, there is a minimum diameter 
and a maximum width of pulley which may be used without 
overloading the bearing or overstressing the shaft. 

Consider the following example. Design the shaft for a 50-hp. 
900-r.p.m. induction motor. 


Air-gap clearance 
Deflection allowed 
Rotor weight 
Rotor diameter 
Frame length 
Carter coefficients 


= 0.03 in. 
= 0.003 in, 

- 500 lb. 

= 19 in. 

= 6.5 in. 

- 1.52. 


Sj in formula 71 


= x X 19 X X , 1-., 


= 255 sq. in. 


Maximum flux per pole = 1.04 X 10®. 

Maximum flux density = «H1LP?LP^X.x 


1.04 X 10® X 8 TT 
255 ^2’ 


= 51,000 lines per square inch. 
Average value of = 1300. 

Unbalanced pull = ™ X 255 X 1300 X 0.1. 

= 460 lb. 

Weight between bearings * 460 + 500 = 9601b. 

The deflection is limited to 0.1 X 0.03 = 0.003 in. 

and deflection - ^^ 
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where 2L » the distance between bearings in inches (see Fig. 339), 
B - Young’s modulus «=> 30,000,000 in inch-pound units, 

7 B the moment of inertia to bending, 



Therefore d,, the necessary shaft diameter 




FxW 

7 X 10* X s’ 
960 X 19* 


Assume now that the belt speed 
the pulley diameter = 17 in., 

„ rr, , 50 X 33,000 
’ “ ^ " 4000 

= 414 lb. 


/7 X10« X0.03 
« 2.4 in. approximately. 
4000 ft. per minute; then 


The maximum pull in the belt = Tj, 

= 2Tx, 

= 828 lb. 

The belt width = 10 in. and the belt stress = 83 lb. per inch width. 

For a single belt the stress should be less than 45 lb. per inch width and 
for a double belt should be less than 90 lb. per inch; a double belt should 
not be used on a pulley smaller than 12 in. in diameter. With a lO-in. belt 
and the pulley overhung, the smallest possible value for C, Fig. 339, = 10 in. 
The value of Q = 3 X 414 = 1240 lb. 

29 

The belt pull on the bearing = 1240 X 


= 1900 lb. 

HW = 4801b. 

Total bearing pressure = 2380 lb. 

Size of bearing = 3X9 and the value of P = 88 lb. per square inch 

and PV = 62,000. 

The stress in the shaft must now be determined. 

The bending moment at M = Q X 10, 

= 1240 X 10, 


= stress X 


Therefore the stress at the neck of the journal = 4700 lb. per square inch. 

The shaft will be cut out of 3>^ in. stock and the journals turned down 
to 3 in.; the deflection will be less than 10 per cent of the air-gap clearance. 
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Brown and Sharp Gage; Copper Wire— ConUnued 
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Ohms per thousand feet 

d 

O 

s 

1.4640 

1.8460 

2.3279 

2.93S7 

3.7026 

4.6676 

6.8873 

7.4224 

9.3686 

11.802 

14.883 

18.773 

23.664 

29.838 

d 

0 

tH 

1.2366 

1.5592 

1.9663 

2.4796 

3.1273 

3.9424 

4.9727 

6.2694 

7.9047 

9.9682 

12.571 

15.867 

10.988 

25.202 

Insulation 
(mils on 
diameter) 

0^ N W W W 1-4 1— i O O 1—N . 

Diameter 

double 

cotton 

covered 

0.103 

0.093 

0.084 

0.076 

0.068 

0.062 

0.056 

0.061 

0.046 

0.042 

0.038 

0.035 

0.032 

0.030 

Cross-sectional area 

Square 

millimeters 

4.1692 

3.3070 
2.6273 
2.0816 
1.6513 

1.3070 
1.0387 
0.82354 
0.63617 
0.51912 

0.41168 

0.32472 

0.26877 

0.20608 

Circular 

mils 

8.233.7 
6,530.3 

5.178.2 

4.106.2 

3.255.8 

2,582.7 

2,047.6 

1.624.9 
1,288.1 
1,021.4 

809.97 

642.12 

509.41 

404.01 

Square 

inches 

0.0064637 

0.0051288 

0.0040669 

0.0032250 

0.0025571 

0.0020284 

0.0016081 

0.0012755 

0.0010117 

0.00080223 

0.00063614 
0.00050431 
0 00040008 
0.00031738 

Diameter 

Milli¬ 

meters 

2.304 

2.052 

1.829 

1.628 

1.450 

1.290 

1.150 

1.024 

0.900 

0.813 

0.724 

0.643 

0.574 

0.511 

Inches 

0.09074 

0.08081 

0.07196 

0.06408 

0.05706 

0.05082 

0.04525 

0.04030 

0.03589 

0.03196 

0.02846 

0.02534 

0.02257 

0.02010 

Gage 
number 
B. &S. 

THi-li-H-rHr-l i—IC< 










LIST OF SYMBOLS 

Used along with these symbols the suffix i stands for stator or primary 
and the suffix 2 for rotor or secondary. 

Unless otherwise stated the dimensions are in inch units. 

Page 

A - brush contact area.Ill 

Aag - actual gap area per pole.46 

. Ah = projected area of bearing. 110 

Ae = core area. 40 

Ag “ apparent gap area per pole.46 

Ap = pole area.46 

Ar = section of end connector.372 

At « tooth area per pole.46 

Ay ~ yoke area.46 

AT = ampere-turns. 

ATe = ampere-turns per pole for the core.52 

ATg = ampere-turns per pole for the gap.51 

ATg+t = ampere-turns per pole for gap and tooth. 54 

ATnax = ampere-turns per pole, maximum excitation.238 

ATp = ampere-turns per pole for the pole core.52 

ATt = ampere-turns per pole for the teeth.51 

ATy » ampere-turns per pole for the yoke.50 

B = flux density. 6 

Bag = actual gap density.48 

Bat *= actual tooth density.48 

Be = core density.48 

Bg = apparent gap density.48 

Bi = Commutating gap density.103 

Bm = maximum flux density in tran.sformer cores.441 

Bp = pole density.48 

Bt = apparent tooth density.48 

By = yoke density.48 

B, & S. = Browne and Sharpe gage.504 

C = Carter fringing constant.47 

Cg “ width of commutating zone. 100 

Da = armature external and stator internal diameter.45 

De = commutator diameter.131 

Dr = mean diameter of rotor end connector.372 

E = volts per phase. 

En = component of applied e.m.f. equal and opposite to the back- 

generated e.m.f.328 

Evf = back-generated e.m.f. in primary.327 

Ef - volts per field coil.71 
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Page 

E, = generated voltage in the short-circuited coil.93 

Et “ terminal voltage.162 

F = commutator face.131 

F = finish of winding.156 

7 = amperes per phase. 

hi =“ component of primary current with a m.m.f. equal and 

opposite to that of the secondary current.328 

la — armature current.116 

le = current per conductor.57 

Id = maximum current in induction motors.334 

7« » exciting current. 341-422 

If « field current.45 

1 1 = line current.162 

In = magnetizing current.423 

lo — magnetizing current.327 

jte = short-circuit current.342 

K =* hysteresis constant.113 

Ki — reactance constant.369 

K 2 = reactance constant.369 

Ka = eddy-current constant.113 

Ksao = factor in surface iron loss.353 

Kft = factor in surface iron loss.353 

Kq = factor in surface iron loss.353 

K\ = factor in surface iron loss.' 353 

K.V,A. = kilovolt amperes. 

K.W. - kilowatts. 

L = length of transformer coils. 445-448 

L = coefficient of self-induction.82 

Lb length of conductor.116 

Le = axial length of core.45 

Le = length of end-connections.12(S 

Lf = radial length of field coil.71 

Lg = gross iron in frame length.46 

Li — axial length of commutating pole.102 

Ln = net iron in frame length.46 

Lp = axial length of pole.46 

L» = axial length of polo shoe.55 

M = section in circular mils.71 

M » coefficient of mutual induction.82 

MT — mean turn of coil.71 

MT — mean turn of transformer coils.448 

N = number of slots.46 

P.F, = power factor. 

R = reluctance. 

R — resistance per phase. 

R = brush-contact resistance.82 

Re = equivalent secondary resistance.426 

Req = equivalent primary resistance.426 

R,V, « reactance voltage.83 













































LIST OF SYMBOLS 


509 


Fagb 

S » number of commutator segments.18 

S = space between high- and low-voltage coils. 445-448 

S — start of winding.156 

S = total rotor surface.500 

T « time constant.376 

T = turns per coil. 

Tc = time of commutation.82 

Tf « field turns per pole.45 

V « air velocity in feet per minute.125 

V = peripheral velocity of rotor in thousands of feet per minute 396 

Vb = rubbing velocity of bearing.110 

Vr = rubbing velocity of brush.Ill 

W = weight of iron in pounds.113 

Wp = pole waist.46 

W, = width of pole shoe.55 

Wa = surface loss.353 

X = leakage reactance per phase.211 

X « synchronous reactance.214 

Xi rotor reactance at standstill.328 

Xa « equivalent secondary reactance.426 

Xaq = equivalent primary reactance.426 

Z = total face conductors in D.C, armatures.11 

Z — conductors in series per phase.184 

Ze = total number of conductors in alternators.249 

a = slots per pole.179 

h = conductors per slot.216 

c = slots per phase per pole.216 

cos d = power factor.162 

d — slot depth.46 

dif da, di, di — slot dimensions.218 

dif di = dimensions of transformer coils. 445-448 

da — depth of armature core.46 

db — bearing diameter.110 

df = depth of field winding.71 

da = shaft diameter.281 

d,c.c. = double cotton covering on wires. 

e — volts per conductor.183 

/ = frequency.157 

/ = constant in Carter formula.47 

hp s= height of pole.55 

ha = height of pole shoe.55 

hp, = horsepower. 

i = current in amperes. 

k = constant in reactance voltage formula.91 

k — distribution factor.184 

k = a whole number, in winding formula.18 

kr = end-ring resistance factor.372 

- _ magnetic loading in transformers 

* electric loading 
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(1 — fc) =s per cent of copper in a given thickness of winding .... ^472 

kvM. “kilovoltamperes. 183 

kw. “ kilowatts. 

h “ length of leakage path. 55 

h ” length of leakage path. 55 

h = length of bearing. 110 

Zfl =s magnetic length of core.52 

Ip = magnetic length of pole core.50 

ly “ magnetic length of yoke.50 

Z/. = leakage factor. 54 

m.m.f. “ magneto-motive force. 

n = number of phases. 

p - number of poles. 

Pi “ number of paths through the armature. 11 

q = ampere conductors per inch. 133-256 

r.p.m.i “ synchronous speed of induction motors.330 

r.p,m .2 rotor speed.327 

s “ per cent slip.326 

8 “ slot width.46-218 

sf, “space factor.71 

I ss thickness. 

t » time in seconds. 

i “ tooth width.46 

Vi “ leakage constant in induction motors. 331 

w “Slot width.218 

S “ air-gap clearance.47 

tj “ efficiency. 

X “ slot pitch.46 

X« = distance the end connections project.128 

T = pole pitch.45 

“ magnetic flux. 

<l>a “ useful flux per pole.11, 173 

ipa = flux in transformer core at no load.430 

(/tg = leakage flux Ixjtwoon pohis. 45 

“ end-connection loakagt* ('onstant. 86,216,360 

</>m “ total flux per pole.45 

“ slot-leakage constant. 86,216,360 

<l>t “ tooth-tip leakage constant.216 

<^ta = tooth-tip leakage constant. 221 

<l>tp = tooth-tip leakage constant. 221 

“ zigzag leakage constant. 360 

^ “ per cent pole enclosure. 45 

e “ span of stator windings. 185, 215, 353 
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A 

Ageing of iron, 439, 440 
A. I. E. E., definitions of insulation, 
32 

rulings for temperature, 122-123, 
201-202 

on efficiency, 116-121 
standard tests for transformers, 
491 

Air blast for cooling, 125, 283-285, 
468-469 

ducts, armature, 25, 29, 187, 347 
field coils, 43, 44 

films in insulation, 197, 199, 200 
-gap, area, 46 

clearance, 73, 75, 228, 230, 240, 
243, 262, 269, 394, 403, 404 
flux density in, 48, 102, 133, 
257, 294, 393 

distribution, 46, 57‘-61, 209, 
295, 368 

fringing constant, 47 
length and diameter, 73, 75, 
230, 240, 243, 262, 393, 403 
Albrecht, G. M., 20 
Alloyed iron, 113, 439 
steel, 440 

Alternating and rotating fields, 181 
Alternators, armature reactions, 208- 
236 

construction, 186-193, 274 
current density, 252, 253 
design procedure, 256 
efficiency, 252 
e.m.f., 173, 184 

engine-driven, fl 3 nvheel design 
for, 302-303 
field system design, 237 
flux densities, 229, 245, 252, 
257-259, 285, 295 


Alternators, generated e.mi., 178 
heating, 239, 252-256, 282-286 
high-speed, 274-301 
insulation, 188,190, 201-207 
losses, 247-252 
natural frequency, 303, 308 
parallel operation, 302 
ratings, 183, 236 

reactance of armature, 215-226, 
234-236, 292 

reactions of armature, 208-236, 
295 

regulation, 228 
rotor (see Rot&r). 
short circuit test on, 224 
single-phase, 231 

slots, 175, 256-258, 261, 263, 265 
theory of operation, 208 
turbo- (see Turho-alternators), 
vector diagrams, 210-212 
water-wheel driven, 253, 274 
windings, 155-172 
Amortisseur, 300, 308 
Ampere conductors, 134, 268 
per inch, 128, 134, 136, 257, 260, 
381, 393, 395 
-turns, 4 

commutating pole, 95, 103 
cross-magnetizing, 57-64, 104- 
106, 209 

demagnetizing, 62, 209, 214, 233 
field excitation, 49-54, 73, 237, 
238 

per pole, armature, 65-67, 101, 
104, 230, 296 

demagnetizing, 62, 103, 209, 
214, 233, 295 

field excitation, 50-54, 73, 
237-242, 296 
series field, 74 
Areas, magnetic, 45, 359 
511 
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Armature coils (see Coils, armature). 
D.-C., construction, 26 
current density, 128-130, 142 
flux densities, 48, 127, 133 
generated 11 

heating, 122 

insulation, 38-43, 201-207 
losses, 110, 247, 371 
procedure in design, 133-147, 
256 

reaction, 67-67, 208 
resistance, 116, 248 
slots, 25, 96, 141 
strength relative to held, 65, 94, 
101 

windings, 7-24, 160 
diameter and length, 136, 140, 
259, 261, 267, 393, 405 

B 

Back e.m.f., 321 
Bearing, construction, 28, 30 
design, 110, 601-504 
friction, 110, 247, 341, 357 
loss, 247 
housings, 27, 348 
oil temperatures. 111 
Belt leakage, 329, 366-368 
Breakdown point, 326 
l^reathing of coils, 200 
Brush, arc, 9, 86, 98-101 
carbon, 84 

circulating current in, 13, 100 
contact resistance, 83 
current density, 82-85, 98-99, 
101 

friction, 111, 247 
loss, 353 

number of sets, 12. 18, 19 
pressure, 85 
shifting, 94 
width, 98 

Bushings, transformer, 434, 436, 
451-465 

C 

Carter coefficient, 47 
Cast iron, magnetic properties, 49 
stresses in, 497 


Cast steel, magnetic properties, 49 
stresses in, 497 

Centrifugal force, of turbo-rotors, 
274-282 

Chain windings, 164-165 
Characteristics, and frequency, 392, 
410, 420, 490 
and speed, 116, 392, 409 
and voltage, 153, 420-421 
Circle diagrams, 330-345 
Circular mils per ampere, 128-130, 
193, 253, 298, 380, 381, 474 
Circulating current in brushes, 13, 
100 

in windings, 13, 19, 169, 166, 168, 
179, 303 

Closed slots, 25, 346, 411 
Coils, armature, 22, 24, 39-43, 
128, 201-207 
length and diameter, 127 
breathing of, 200 
exciting, 188, 190 
field (see Field coils). 
groups, 40 

pancake, 433, 438, 465 
transformer, 433-438, 445-447, 
455-456, 459-460 
Commutating poles, 27, 94 
dimensions, 95, 102 
excitation, 103 
saturation in, 106 
Commutation, 78-109 
counter e.m.f. method, 92-109 
perfect, 82 

resistance method, 78-91 

current density in brush, 82 
effect of self-induction of coil, 
80 

selective, 19 
with duplex winding, 9 
series windings, 19, 89 
short pit(;h windings, 15, 89, 
96-98 

Commutators, 27 
design, 139-140, 144 
diameter, 139 
heating, 131 
insulation, 27 
losses, 111, 116 
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Commutators, mechanical design, 
498 

number of segments, 18, 107 
peripheral velocity, 139 
ventilation, 131 

voltage between segments, 107- 
109 

wearing depth, 140 
Compensating field coils, 104-106 
Condenser bushings, 453 
Conductors, ampere, per inch, 128, 
136 

cxirrent density in, 128-130, 142, 
262, 269, 298, 380, 381, 473 
eddy currents in, 249-251, 373, 
461 

in same slot, insulation, 203 
lamination of, 249, 252, 461 
magnetic field surrounding, 2 
number of, 11, 133, 140, 149, 261, 
268, 397, 407 
sise of, 268 
Contact resistance, 83 
Cooling (see also Heating), 
by convection, 126 
Copper loss, armatures, 116, 119, 
248 

field coils, 68, 116, 248 
induction motors, 371-374 
rotor, 335 
stator, 335 

transformers, 461-462, 480 
resistance of, 116 

Core, flux density in alternator, 252, 
286 

in D.-C. armature, 48, 127 
in induction motor, 358, 381 
in transformer, 478 
in D.-C. armature, 48 
losses, 115, 247 

or iron loss, 112, 247, 353-356, 
439-443 

-type transformer, 430, 436 
compared with shell type, 486- 
488 

construction, 428-429, 435-436 
heating, 464^65 
insulation, 458-460 
procedure in design, 477-481 


Core-type transformer, reactance, 
445, 481 

three-phase, 490 
Corrugated tanks, 466-467 
Cotton, 32, 34 
covering for wire, 34, 504 
Creepage, surface, 38-39, 450-466 
Cross-magnetizing ampere-t urns, 
57-64, 104^106, 209 
Current density, in alternator wind¬ 
ings, 252-253, 263, 265, 298 
in brush contacts, 82-86, 98-99, 
191 

in D.-C. armatures, 128-130, 
142 

in field coils, 74-76, 379 
in induction motors, 380, 381, 
397, 407-408 
in transformers, 473-474 
direction of, 1 

maximum in induction motors, 
334, 363, 394-395 
relations, in induction motors, 318, 
328, 332 

in transformers, 424 
Curves, ampere conductor per inch, 
134-135, 257-258, 393 
armature heating, 135, 253, 382 
efficiency, 392 
field coil heating, 70, 239 
full-load saturation, 62 
gap density, 134, 257, 258 
heating and cooling, 376-379 
iron loss, 115, 354, 356, 442 
magnetization, 49, 51, 443 
power factor, 392 
saturation, 53, 60, 63, 212, 225, 
237, 300, 307, 313, 339-341 
short-circuit, 225, 341-343 
space factor, 71 
transformer heating, 466, 468 

D 

D^L, 133, 256, 259, 391 
Dampers, 300, 308-311 
Dead coils, 24 

points at starting, 314, 388-390 
Delta connection, 158, 178, 407 
and harmonics. 178 
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Demagnetizing ampere-tnrhs, 62, 
94, 103, 209, 214, 233, 295 
Density of current in alternator 
windings, 262-264, 263, 266, 
298 

in brush contacts, 81-86, 98-99, 
191 

in D.-C. armatures, 128-130,142 
in field coils, 74-76, 379 
in induction motors, 380-381, 
397, 407-408 
in transformers, 473-474 
of flux and m. m. f., 6 
in air gap, 48, 102, 133, 267, 
294, 393 

in armature and stator cores, 
48, 127, 252, 286, 358, 380 
in pole cores, 48, 73, 229 
in rotor cores, 380 
in teeth, 48, 51, 127, 252, 286, 
368, 380 

in transformer cores, 478 
in yoke, 48, 73 
limiting values, 126 
Design procedure, for alternators, 266 
for D.-C. generators, 133 
for field system, 68, 237 
for induction motors, 391-408 
for synchronous motors, 312-313 
for transformers, 476-485 
for turbo-alternators, 274, 297 
Dielectric flux, 194 
strength 34, 195 
cotton, 34 
empire, cloth, 35 
micanite, 35 
oil, 449 
paper, 36 

Dimensions and frequency, 415, 490 
and output, 133, 256, 391 
Direction of current, 1 
of e. m. f., 2 
of magnetic lines, 1, 2 
Distributed windings, 165, 176, 182 
Distribution factor, 184 
of magnetic field, core, 113, 358 
gap, 46, 67-61, 209, 294, 368 
transformer, 428-437, 463, 475, 
486, 492-495 


Double-frequency harmonics, 232 
layer winding, 13, 164, 165 
Doubly re-entrant winding, 8 
Dovetails, 29, 187, 189, 191, 349, 
497 

Drum windings, 9 

Ducts in armature and stator cores, 
26, 30, 187, 347 
in field coils, 30-31 
in transformer, 470-471 
Duplex windings, 8, 20 

E 

Eddy currents in armature, ai.d 
stator cores, 113, 353-364 
in conductors, 249-252, 373, 461 
in pole shoes, 114, 300 
in transformer coils, 439, 444 
loss, 113, 114 

Efficiency, A. I. E. E. standard 
rules, 116-121 

effect of speed, 392, 420-421 
of voltage, 420-421 
of alternators, 262 
of D.-C. machines, 110, 117-121 
calculation of, 152 
of induction motors, 392 
of transformers, 462-463, 492, 494 
of voltage, 240 

Electric loading, 136, 150, 475 
Electrical d(‘gr(‘cs, 157 
E. m. f., 2 
din'ction of, 3 
equation, 11 
generated, 173-185 
in alternators, 173, 184 
in D.-C. machines, 11 
in induction motors, 350 
in transformers, 439 
Empire cloth, 35 
Enclosed machines, 348, 383 
End connections, heating, 127, 253, 
254, 381 
insulation, 38 
leakage, 218 
length, 128 

supports, 294, 348-349 
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End play for shafts, 26 
rings, loss in induction motor, 372 
section, 400 

turns, insulation, of transformer, 
467-468 

Equalizer connections, 13, 20, 24 
Equivalent reactance, induction 
motor, 337, 363 
transformer, 426, 447 
resistance, 426 
Even harmonics, 178 
Excitation, calculation of full load, 
62, 227, 246 
induction motor, 367 
of no-load, 60, 241 
of transformer, 441, 480, 484 
effect of power factor, 237 
for joints, 444 
synchronous motor, 311 
Exciter, 188, 193, 315 
Exciting coils, 26, 188, 190 
current, 350, 357, 394, 440, 480, 
484 

F 

Fans, 253, 276, 284, 288, 349 
Field coils, 43-44, 68-77, 187-191 
compensating, 104-106 
construction, 31, 43, 68, 74,188, 
190 

current density, 74-76 
design procedure, 68, 237 
ducts in, 30-31 
heating, 68, 239 
insulation, 43, 188 
losses, 68, 116, 152, 237, 248 
sizes of wire for, 71 
ventilation, 43, 68, 70, 190 
distribution, in commutating pole 
machine, 64 

magnetic, distribution in core, 115, 
358 

in gap, 46, 57-61, 209, 294, 358 
leakage between poles, 45, 64, 
213 

in alternators, 216, 234 
in induction motors, 360 
in transformers^ 445 


Field, magnetic, relation between 
main and armature, 65, 229, 
296 

surrounding conductor carry¬ 
ing current, 2 

magnets, construction, 27, 187- 
193 

dimensions, 27, 71, 73, 238 
flux density, 48, 73, 229 
turbo, 276-279 

revolving, in induction motors, 
316-317 

Flashing over, 105-106 
Fleming's rule, 3 

Flux density (see Density, of flux). 
distribution in air-gap, 46, 57-61, 
209, 294, 358 

in armature coil, 113, 358 
fringing, 47 
pulsation, 179, 386 
Flywheels, 302-306 
Force, lines of, 1 
Forced draft, 283-288, 468Ht69 
oscillations, 303, 307 
Form factor, 173, 439, 440 
Fractional pitch winding, 15, 88, 
176, 184, 419 

Frequency and characteristics, 392, 
410, 420-421, 490, 491 
and dimensions, 415, 491 
speed and poles, 157, 319 
Friction in bearings, 110, 247, 341, 
353, 359 

in brush, 111, 247, 353 
Fringing of flux, 47 
Fullerboard, 450, 456, 457 
Full-load saturation, 62, 212, 227, 
237, 313 

-pitch windings, 15 
G 

Gap (see Aif-gap). 

Generators, high-speed, 192 
vertical shaft, 192 
Gramme ring winding, 7, 9 
Groimds, 37 

Guarantees, power factor, 392 
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H 

Harmonics, effect of Y- and 
A-connection on, 178 
in e. m. f. wave, 173 
trouble due to, 174 
in the magnetic field, 179,231,301, 
418 

produced by armature slots, 179 
Heat, effect on insulation, 35, 36, 
122 

Heating, 122-132 (see also Temperor- 
twre me). 

alternator rotors, 239 
and construction, 252, 383 
and cooling curves, 375-381 
commutator, 131 
constants, application of, 132 
dampers, 308-311 
D,-C. armature, 122 
enclosed motors, 383 
field coils, 68, 239 
high-voltage coils, 124-126, 252- 
255 

induction motors, 375-384 
^oil in bearings. 111 
rotor, induction motor, 381 
semi-enclosed motors, 383-384 
squirrel-cage motors, 379-380 
stator, induction motor, 252, 
380-383 

transformers, 463-473 
turbos, 276, 282, 299—301 
High-speed alternators, 274-301 
induction motors, 414-417 
limitations in design, 417 
torque ratings, 381 
-voltage coils, heating, 124-126, 
252-255 

insultation for alternators, 203- 
207 

due to harmonics, 174 
for transformers, 459, 486 
limitations in design, 487 
Horn fiber, 36 
Housings, 27, 348 
Humming, 416 
Hysteresis loss, 133, 439, 440 


I 

Impedance of windings (see ReacU 
ance). 

Impregnating compoimd, 34, 36, 
200, 450 

Induction, magnetic, 1-6 
motors, A.-C., 316-328 
construction, 320, 346-349 
current density, 380, 381 
end rings, loss in, 372 
excitation, 350 

fiux densities, 358-359, 381, 393 
generated e. m. f., 350 
graphical treatment, 329-338 
heating, 375-384 
high-speed, 414-417 
leakage fields, 360-361 
losses, 353, 371 
noise, 385-^90 
peripheral velocity, 416 
procedure in design, 391-408 
reactance, 360 
equivalent, 337, 363 
revolving field in, 316-317 
slots, 355, 386, 387, 389, 391, 
397-398, 416 
slow-speed, 409-411 
starting torque, 388 
theory of operation, 316 
two-pole, 417-420 
vector diagrams, 326-327, 330 
windings, 319-321 

Insulating materials, canvas, 43 
cotton covering, 34 
tape, 34 

empire cloth, 35 
fiber, 36 

fullerboard, 450, 456, 457 
impregnating compound, 34, 36, 
200, 450 
mica tape, 33, 201 
micanite, 35 
papers, 36 
pressboard, 450 
properties desired, 33 
silk, 35 
thickness, 36 
varnish, 35, 36, 450 
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Insulating materials, wood, 450 
wrappers, 33 

Insulation, 32-44, 194-207 (see 

also Insndating materials). 
air films in, 197, 200 
armature, 38-43, 40-43, 201-207 
chemical effects in high voltage, 
200 

commutators, 27 
condenser type, 453 
creepage across, 38, 450, 454, 455, 
456 

dielectric strength, 33, 34, 195 
effect of heat air, 35, 36, 122 
of moisture, 34, 36, 449 
of time, 199 
of vibration, 36 
end connections, 38 
field cx)ils, 43, 190 
grading of, 198, 199 
potential gradient, 195, 197, 199, 
452 

puncture tests, 34.38 
rotor bars, 411 
slot, 201 

specific inductive capacity, 196, 
198, 200 

thickness, 36, 43, 114, 197, 459 
transformers, 438, 449-460 
turbo-rotors, 276 
types defined, 32 
volts per mil, 207 

Interpolcs (see Commutating poles). 
Iron, ageing of, 440 
alloyed, 113, 439, 440 
laminations, thickness of, 346, 
348, 440 

losses, 112, 247, 353, 356-358, 
439-440, 442, 443 
magnetization curves, 49, 51 

J 

Joints in magnetic circuit, 444 
Journals, design, 501-504 
Jumpers, 165 

K 

Kilo volt amperes, 183 


L 

Lag of current in induction motors, 
323, 324 

in synchronous motors, 311, 312 

Laminations of conductors, 249, 
250, 461 

of core bodies, 25, 30, 113, 186, 
346, 348, 440 
of pole faces, 26, 114 
thickness of, 113, 186, 346, 348, 
440 

Lap windings, 20 

Lead of current in synchronous 
motors, 311-312 

Leakage factor, full-load, 213, 245 
no-load, 45, 54, 56, 245 
field, belt, 329, 366-368 
end-connection, 216, 218 
pole, 45, 54, 213 
slot, 215, 218 
tooth tip, 216, 220 
transformer coils, 423, 445 
zigzag, 361, 387 

reactance in alternators, 216, 
234, 291 

in induction motor, 360-361 
in transformers, 445-448, 481 
surface, 38 

Leatheroid, 36 

Lena's law, 3 

Limitations in design, high voltage, 
486 

^ speed, 274, 417 

Lines of force, 1 

Loading, electric and magnetic, 
136, 475 

Locking points at starting, 314, 388 

Losses, armature, 110, 247, 371 
bearing friction, 353, 357 
commutator, 111 
constant, 334 
contact resistance, 116 
copper, 116, 248, 335, 371, 461- 
462 
core, 115 

due to filing of slots, 113 
to leakage fiux, 113 
to non-uniform distribution of 
fiux in armature core, 113 
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Losses, eddy-current, 113, 114 
in conductors, 249, 373 
field coils, 116, 248 
friction, 110, 111 
bearing, 247 
brush, 247 
hysteresis, 133 
in alternators, 247 
in D.-C. machitic, 110 
in induction motors, 353, 371 
in transformers, 439-441, 461 
iron, 112, 363, 356-368, 439-440 
or core, 247 
load, 252, 336 
no-load, 353 
pole-face, 114 
rotor ring, 372-373 
tooth pulsation, 354, 365 
windage. 111, 247, 353 

M 

Magnet coils (see Field coils). 
Magnetic arears, 45, 359 
circuit, 45-66 
design of, 68-77 
field (see Field, magnetic). 
induction, 1-6 
loading, 136, 475 
potential, 4 

poles, in induction motor, 360 
in transformers, 445 
pull, unbalanced, 498-500 
Magnetization curves, 49, 51, 443 
Magnetizing current, in induction 
motors, 350-353, 357, 394 
in transformers, 440, 480, 484 
Magneto induction, 2 
Maximum current in induction 
motors, 334, 363, 394, 396 
output, 338, 344, 409 
temperature rise, 68, 122, 464, 
471-473 

torque, 32.5, 338, 345 
Mechanical design, 496-505 
Mica, 205 
tape, 33 
wrappers, 33 
Micanite, 35 


M.m.f., 4 

Moisture and insulation, 34, 36, 449 
Motors, D.-C., calculation of effici¬ 
ency, 162 

procedure in design, 148 
Motors, induction (see Induction 
motor's). 

multipolar, 317-319 
synchronous (see Synchronous 
motors). 

Multiple windings, 16, 23, 86 
Multiplex windings, 8 
Multipolar machines, 12 

N 

Nickel steel, 497 

Noise, in induction motors, 386- 
390, 416 

No-load current (sep Magnetizing 
current). 
losses, 353 

saturation curve, 50, 240, 339-341 

0 

Oil for transformer, 449-460, 463, 
466-468 

temperatures, in bearings, 111 
Output and dimensions, 133, 256, 
391 

limits, high voltage, 486 
maximum, 338, 344, 409 
speed, 274 

of thn^c-phase alternators, 162 
Overload capacity, 84 
Overspeed requirements, 274 

P 

Pancake coils, 433, 438, 465 
Paper, 36 

Peripheral velocity of rotors, 274, 
276, 416 

Pitch of poles, 45, 137, 259 
of slots, 46, 257-258, 367, 386, 
389, 391 
of windings, 15 
Pole arc and harmonics, 173 
construction, 114, 187 
enclosure, 260 
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Pole commutating (soo Oommutaiing 
pole). 

construction, 26, 276 
dimensions, 26, 71, 73, 238 
enclosure, 46, 62, 261 
face and wave form, 175 
losses, 114 

flux density, 48, 73, 220 
number of, 137, 157, 259, 319 
pitch, 45 

and charactcristies, 400, 410 
Potential gradient, 105, 107, 198, 
199, 462 

Powell, W. IL, 20 

Power factor and armatun^ reac¬ 
tion, 208, 226 
and excitation, 237 
and frequency, 392, 410, 420 
and speed, 302, 409 
and voltage, 420 

correction by syncdironoiis motors, 
311-312 

in thrcMvphase machine, 162 
Pressboarcl, 460 
Pressure on Ixvirings, 601 
Progressives windings, IS 
Pulleys, design, 501-504 
Pulsations of magnetic field, 179, 
386 

Puncture tests, 34, 38 
R 

Hails, slide, 29 

Ratings, high torque induction 
motors, 383 
intermittent, 379 
single and polyphase altoniators, 
183, 236 

Reactance of alternators, 215, 216, 
234, 291 

of induction motors, 360 
synchronous, 213 
voltage, 83 
formula, 90 

machines with full-pitch multi¬ 
ple windings, 85 
of non-interpole machines, 85 


Reaction, armature, in D.-C. 
maclxines, 57 

in polyphase alternators, 208, 295 
in single-phase alternators, 231 ' 
Re-entrant windings, 8 
Regulation, effect of air-gap on, 229 
of pole saturation on, 228 
of power factor on, 246 
Regulation in synchronous motors, 
312 

of alternators, 228, 236 
of transformers, 426-427, 446, 487 
Resistance of alternator windings, 
116, 249 

of brush contacts, 83 
of copper, 116 
of field coils, 71 
of transformers, 461 
starting in induction motors, 324, 
383 

Resonance in electric circuits, 174 
Retrogressive windings, 19 
Reversing of induction motors, 316 
Revolving field, design, 237-246 
ininductionmotors, 316-317,330 
type of alternator, 186 
Ring winding, 7, 9 
Rockor arm, 28 

Rotating and alternating fields, 181 
Rotor of alternator, construction, 
187, 276 

current density, 238, 243 
flux density, 229, 245 
heating, 239, 276, 282 
insulation, 190 
losses, 247 

peripheral velocity, 274, 276 
procedure in design, 237, 297 
strength relative to armature, 
230, 296 
turbo, 276 

of induction motor, construction, 
321, 348 

current density, 380, 381 
effect of resistance, 324, 383 
flux density, 358, 380 
heating, 381 
insulation, 411 
losses, 353, 371-372 
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Rotor of induction motor, peripheral 
velocity, 416 

procedure in. design, 399, 400 
slip, 325 

slots, 356,-386, 387, 389, 397 
voltage, 401, 411 
windings, 320, 324, 408 
of ring losses,.372-373 

S 

Sandwiched coils for transformers, 
483 

Saturation curves, full-load, 212, 
227, 237, 313 
no-load, 50, 240, 339-341 
Saturation in commutating poles, 
106 

Screen covered motors, 348, 383 
Segmental punchings for armatures, 
24, 29, 187, 349 

Segments of commutator, number, 
18 

Selective commutation, 19 
Self-induction of windings (sec 
Reactance). 

Semi-enclosed motors, 348, 383 
Series field design, 74 
windings, 17, 23 

commutation with, 19, 89 
Shafts, 281, 501 

Shell-type transformer, 429, 430, 
433, 447-448 

compared with core type, 486-488 
heating, 465-466 
insulation, 459 
procedure in design, 481-485 
reactance, 447, 484, 487 
three phase, 489 
Short-circuit, 37 

instantaneous, 291 
on transformers, 425-426 
sudden, 289, 487 
test on alternators, 224 
on induction motors, 341 
pitch windings, 15, 89, 176, 184, 
419 

Silk covering for wires, 35 
Simplex windings, 7 


Single-phase alternators, armature 
reaction, 231 
regulation, 236 
turbos, 299 

windings, 155, 172, 183 
Singly re-entrant windings, 8 
Size of machine and frequency, 416, 
490 

and output, 133, 256, 391 
Skew coils, 171 
Slide rails, 29 
Slip, 328, 336 
rings, 191, 325 

Slots, dimensions, 87, 257-258, 261- 
262, 397, 398 
effect on wave form, 176 
insulation, 38, 201, 203-207, 411 
number, 22, 96, 175, 182, 261, 
397, 399, 416 

open and closed, 25, 347, 355, 
381, 411-414 

Slow-speed motors, 409-411 
Space factor of field coils, 71, 242 
Sparking, cause, 82 
criteria, 82 
prevention, 82, 92 
voltage, 92 

Speed and characteristics, 392, 409 
and efficiency, 420-421 
and torque curves, 325 
frequency and poles, 157, 319 
limitations in design, 274, 417 
of rotors, 416 

peripheral, of eominutators, 130 
of rotors, 274, 276, 207 
synchronous, 310 
Spiders, 348, 407-408 
Squirrel-cage dampers, 300, 308 
rotors, construction, 320, 348 
current density, 380, 381 
flux density, 358, 381 
heating at starting, 379 
Starting current, 323 
torque, and rotor loss, 323, 338,373 
dead points, 314, 388 
in two-pole motors, 418 
synchronous horsepower, 338, 
343, 345 
motors, 313 
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Stator, construction, 196, 346-348, 
496 

current density, 253, 263, 298, 380 
diameter of, 406 
end connections, 294 
flux density, 252, 358, 380 
generated e. m. f., 173, 350 
heating, 252, 283, 380—383 
losses, 247, 353, 371 
procedure in design, 256, 391 
reactance, 216, 234, 290, 360 
resistance, 248 

slots, 175, 267-258, 261, 263, 397, 
399 

strength relative to field, 229, 296 
ventilation, 286 
windings, 166, 319-321 

Steel (see Iron). 

Strength of main and armature 
fields, 65, 229, 296 

Sub-synchronous speed, 418 

Surface creepage, 450, 454, 455, 456 
leakage, 38 

Synchronous motors, design for, 
312-313 
excitation, 311 

for pow(^^-factor correction, 
311-312 

lead of current in, 311-312 
size, 312 

starting torque, 313-315 
reactance, 213 

T 

Tanks for transformers, 466, 481, 
485 

Tape, 34 

Teeth, dimensions, 267, 262, 398 
effect on wave form, 175 
flux density, 48, 50, 127, 252, 286, 
358, 380 

Temperature, 122-132 
alternator rotors, 239 
maximum, 68, 464, 471 
rise, A.I.E.E. rules, 122-123, 201- 
202 

by resistance, 69, 465, 466 
cause, 122 


Temperature rise, commutators, 131 
D.-C. armatures, 124 
enclosed machines, 383 
field coils, 68, 239 
high-voltage coils, 128, 253 
induction motors, 375-384 
maximum, 122 
of oil, 463; 466-468 
in bearings. 111 
semi-enclosed machines, 383 
stators, 252 
transformers, 463 
turbos, 276, 282, 301 
Tests for saturation, 339 
for short circuit, 341 
for transformers, 491 
Thickness of core laminations (see 
Laminations). 

of insulating materials, 36, 200, 
461 

of mica in commutators, 27 
of slot insulation, 38, 200 
Third harmonic and connection of 
winding, 183 
Three-finger rule, 3 
-phase alternators, regulation, 236 
power, 162 

transformers, 489-490 
windings, 157 

Torque and speed curves, 325, 420 
in synchronous horse-power, 338, 
343, 345 

maximum, 325, 338, 345 
starting, in induction motors, 
323-325, 328, 373, 388, 418 
in synchronous motors, 313- 
315 

Transformers, air-blast, 468-469 
bushings, 435, 451-455 
construction, 433-438 
core-type (see Core-type trans¬ 
formers). 

current density, 473 
distribution, 428-437, 463, 475, 
486, 492-495 
efficiency of, 462-463 
excitation, 439, 480, 484 
flux density, 478 
generated e.m.f., 439 
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Transformer, heating of, 463 
insulation, 438, 449-460 
large power, 438 
losses, 439-441, 461 
methods of specifying, 491 
of testing, 491 
oil, 449-450 
performance, 492-495 
procedure in design, 475-486 
reactance, 445-448, 481 
regulation, 426-427 
shell-type (see Shell-type trans¬ 
former). 

short circuit on, 425-426 
tanks, 466, 481, 485 
theory of operation, 422 
three-phase, 489-490 
vector diagrams, 422 
water-cooled, 469-470 
Turbo-alternators, 276 
construction, 276 
flux density, 286 
heating, 276, 282, 301 
procedure in design, 297 
reactance of armature, 292 
reactions of armature, 295 
shaft, 278, 281 
single-phase, 299 
stresses, 278 

Turbo-rotors, critical speed of, 281 
Two-phase windings, 157 
-pole motors, 417-420 

V 

Varnish, 35, 36, 450 
Vector diagrams, alternator, 210, 211 
induction motor, 326-327, 330 
transformer, 422 

Vent ducts, in armature cores, 25, 
187, 347 
in field coils, 44 
in stator cores, 347 
Ventilation, ain-blast transformers, 
468 

commutators, 131 
D.-C. armatures, 128 
machines, 25, 30 
field coils, 44 


Ventilation, induction motors, 347, 
383 

power house, 253 
stator, 286 

turbo-alternators, 284 
Vibration, effect on insulation, 36 
Voltage, and characteristics, 153, 
420, 421 

and efficiency, 421-421 
limitations in design, 300, 486 
per bar, 107 

per turn in transformers, 475 
Volt-ampere rating, 183 

W 

Water-cooled transformers, 469-470 
wheel driven alternators, 253, 274 
Wave form, 173 
windings, 2()J 165 
Windage, 111 
loss, 247, 353 
noise duo to, 385-386 
Winding, choice of, 261, 398 
for different voltages, 270, 407 
pitch, 15 

Windings, A.-C. chain, 164, 165 
distributed, 165, 175, 182 
double-layer, 164, 165 
odd number of coil groups, 171 
several ciremits, 166 
short-pitch, 176, 184, 419 
single-phase, 155, 172, 183 
thr(^o-i)hase, 157 
two-phaK(^, 157 
wave, 165 

Y- and A-coiinection, 407 
D.-C. armature, 7-24, 160 
compensating, 104 
dead coils, 24 
dou])lc layer, 13 
doul)ly re-entrant, 8 
drum, 9 
duplex, 8, 22 
equalizers, 13, 19, 24 
gramme ring, 7, 9 
lap, 20 

multiple, 16, 23, 85 
progressive, 18 
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Windings, D.-C., re-entrant, 8 
retrogessive, 19 
series, 17, 19, 23, 89 
short pitch, 15, 89 
simplex, 7 
wave, 20 

Wire, size for field coils, 71 
transformer coils, 473-474 
table, 504 

Wood, 450 

Wound rotor, motor, construction, 
324, 349 

procedure in design, 400, 411 


Wound rotor, motor, rotor voltage, 
401 

theory, 324, 325 
Y 

Y-connection, 158, 178, 261 
Yoke, construction, 26, 30, 186, 348, 
496 

flux density, 48, 67, 73 
Z 

Zigzag leakage, 361, 387 




